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Foot trajectories and loading rates in a transfemoral amputee for six different

commercial prosthetic knees: an indication of adaptability

Abstract

Background: The relationship between the functional loading rate andl Vedecities was
assessed in an active unilateral transfemoral amputeeA)UDF adaptation to six different
commercial prosthetic knees

Objective To Investigate the short-term process of adaptabilityUtdFA for two types of
prosthetic knees were evaluated, based on the correlatioedretveel vertical velocity and
transient loading rate.

Methods: The loading rate as calculated from the slope of ground reaction forces (Gdvid
the corresponding time. The heel velocities and GRF wereelthya motion analysis system
Results: Biomechanical adaptation was evident following a short peayiqatosthetic knee use
based upon the mean transient impact (loading rate) andethechigcal velocity in slow, normal
and fast walking. Trend lines of transient impact versuscatttieel velocity foa set of actively
controlled variable damping (microprocessor) and mechénjzassive prosthetic knees were all
negatively correlatd except for an amputated leg during normal pace and héadtlajring fast
pace For anamputee to adapt well to a prescribed prosthesis excetlerdination between the
intact and amputated limbs is required to control placenfehe amputated leg to achieve a gait
comparable to healthy subjects.

Conclusion: There ae many factors such as the hip, knee flexion/extension and tHe ank
plantarflexion/dorsiflexion contributing to the control of thansient impact of an amputee
during walking Therefore, for enhanced control of a prosthetic kaeaylltifaceted approach is
required This study showed that UTFA adaption to different prosthetic kimettse short term
with slower than self-selected speed is completely asahle based on the negative correlation
of ground reaction forces versus linear veladRgduced speed may provide the prosthetists with
the vision of the amputees’ progression of adaptation with a newly prescribed prosthetic knee.

The word count: 3480 excluding abstract and references (including Table 1)

Keywords Prosthetic knees, Transfemoral amputee’s biomechanics, Transfemoral amputee gait
& adaptation, loading rate, foot trajectories

Introduction

After amputation ana period of recovery and rehabilitatioaunilateral transfemoral amputee
(TFA) must adapt to a new prosthetic.|@gosthetists prescribe a prosthetic leg, which consists
of a knee, ankle, and foot, based on their own experiencgesmanufacture’s specifications.

There is no consensus as to which prostheses may best suivamagtutee, either in the short



or long term An ampute& adaptation is a process of becoming familiar with neeuanstances
and depends on many featuingduding the subject’s psychological statﬂl] as well as the design
of the prosthesis |2]. In general, the two most common typpsosthetic knees available on the
market are either mechanically passive or actively coattatariable damping (often known as
microprocessor-controlled) prostheﬁ There are contradictory results presented in the
literature regarding whethermicroprocessor knee prosthesis improaesilateral transfemoral
amputees’ gait or not. Kaufman et aﬂ[S] have suggested thainilbeoprocessor knee improves
the gait and balance of amputees. However, the data refiyrt8egal et aIHG] has shown
insignificant differences betweamputee’s gait using mechanically passiee microprocessor-

controlled prosthetic knees. Research has shown that in masyfaabelow the knee amputees

7"8 as well as above the knee ampu eﬂ[ﬁthe joint active range of motion and torques are

different from able-bodied subjects and therasignificant asymmetry between amputeegs

when compared to control subjects (ﬁ [Hjwever, making amputees walk symmetlicis
guestioned by Winter and Sienﬁ [7]; they suggested that angrhaystem with neuromuscular
deficiency may not perform optimglunder symmetric gait condition; rather a new asymmetric
condition being pursued based on his/her residual system and mechdngprafsthesis. The
lack of control over the prosthetic knee may encourage thefubhe non-prosthetic leg during
the stance phaReported studies have shown that the transtibial amputees ([@a@ddheir
intact leg more than the amputated leg during human atitnylresulting in a compensatory
mechanism that protects the amputated side residual tissugsamimore prone to injsa.

Suchamechanism may be the caus low back pain (LBP) and osteoarthritis (OA) in amputees

[E3] Asymmetry combined

i

with the high frequency of impact forces resulting in rinéé stresg
factorscontributing to the causation of low back pain and OA. Thesieahimpact, which is

to whom LBP and OA prevalent are higher than intact individ

| are some known




known as loading rate calculated from the slope of the firét giehe ground reaction force, has
been used to characterize soft tissue loading which rexs df®wn to ba cause of injury in
runners]. Studies of the vertical ground reaction forcelRE)GAn slow walking and in
distance runners using the heel to toe foot contact patterrshawa that the first impact peak

occurs shortly after the heel contact with a quick peakdxop, which is a potential cause of

lower extremity injurieq [1}f17]. Zadpoor et aElS] used simulation to show that the fodacon

velocity has a larger effect on the first peak of vGRintinass and velocity of the upper body.

One of the first studies that looked into heel velocity wasonted by Winter| [199], who

documented the heel vertical and horizontal velocities inthegtiung adults and found both to

be approximately zero prior to contact. He suggested thatcsunttol is necessary to have a

gentle landing by the heel on the ground and to achievenmlotdr control must coordinate the

multi-linked trajectories of the lower extremity segments.

The importance of understanding and evaluation of shart-tedaptation of an active

transfemoral amputee using direct measurements of loadingn@tde heel velocity during the

late swing phase to early stance is twofold:

o Firstly, the relation between the heel velocity and vGR&y rhe used to provide an
understanding of the progression of the motor skills of an aatiyritee during short-term
adaptation period.

e Secondly, the relationship between the vertical heel vglarit the transient impact can
provide us with a possible understanding of the control stratégigemented by the

amputee on different prosthetic knees

It was assumed that the loading rate finction of the vertical heel velocity he amputee’s

motor skills progression (i.e. adaptation) with the défdrprosthetic knees during short term



adaptation has been evaluated regardless of the prosthetiddgige Therefore, the hypothesis
of this study was that finding a negative correlation betweetical heel velocity and transient
loading rate of either leg in an active amputee in thet$bBon, is an indication of amputee’s

control and adaptation to the prosthetic knee

Methods

This study encompassed level ground walking trials with three diitespeeds; self-selected
pace, faster and slower than the self-selected spieetlg a two weeks’ adaptation period of
UTFA and group of control subjects (C$he six commercial prosthetic knees used in this study

are shown in Table 1.

Table 1. Grouping of the Prosthetic knee and foot used in this study.

item Type of Type of Component Gener al Description
prosthetic knee prosthetic foot weight (Kg)
and ankle
A Ottobock 3R60 | Venture College 0.890/0.585 Mechanically passive
park polycentric hydraulic knee
B Ottobock 3R80 | Venture College 1.240/0.585 Single axis passive controlled
park hydraulic damping
C Ottobock C-Leg | Venture College 1.240/0.585 Single axis actively controlled
(3C883) park variable damping
(microprocessor)
D Orion2 Endolite | Venture College 1.35/0.585 Single axis actively controlled
park variable damping
(microprocessor)
E Rheo3 Oss Venture College 1.36/0.585 Single axis actively controlled
park variable damping
(microprocessor)
F Plie2 Venture College 1.24/0.585 Single axis actively controlled
park variable damping
(microprocessor)

An UTFA (age: 52 years old; height: 1.66 m; weight: &§),7 without any neurological or
orthopedic disorder except for his amputation was the participahts study. His amputation
was performed in April of 2009 and it was due to a trauntbedeft knee. The amputee patient

wore his pair of comfortable hiking shoes during the motion captiaie and all prosthetic knee



alignments were based on the worn shdée CS consiséd of four healthy male subjects (age:
31.5+7.8 years old; height: 175.1+6.4 cm; weight: 81.3+9.0 kg) witlamyt reported gait
abnormalities. The participants were instructed to lookgsttaihead, with their head erect and
their arms at their sides in a comfortable position and mowe #sethey desire during the walk.
The participants were informed of the type of study and digmeinformed consent approved by
the University of Leeds Research Office of Good Practic&tlics. The motion data as
collected using 3D motion capture system Qualisys ProReflex MCURd0reack Manager
(QTM) (Gothenburg, Sweden) with 13 Cameras and 2 AMTI (Vitater, MA, USA) force
platforms. The motion and force data were collectetb@tHz and 1200 Hz, respectively. The
reflective surface markers were bilaterally placed on kefthahd right of the anterior superior
iliac spine (ASIS) and posterior superior iliac spines (PS&)roiliac joint, femoral condyle,

malleolus, the $and %' metatarsal and calcaneus (Figure 1).

Figure 1. Marker placement on the amputee

CODA pelvis in Visual3D" (Germantown, MD, USA) was used to determine the centéreof t
hip joints and the model was constructed base@l op T2@ anatomical landmarks sites were
palpated on the amputee by a single individual to reduce possinieTdre thirteen cameras were

calibrated for the walking region of the participants aedorded the locations of passive



reflective markers placed at bony prominences for establishatgrait coordinate systems for
the pelvis, thigh, shank, and foot to capture the relativomof the linked limbs from inferior
to the superior. The joint angles and angular velocities aéi@xtremities were measured and
synchronized that the heal contact for visual comparison and stiadging of the overall
progression of the amputee during short period adaptation. Beecturement was repeated at
least 5 timesThe teeltrajectories were tracked with a marker placed asulperior posterior site
of the calcaneus, typically the very back of the heel about 3®@fhthe ground. Heel position
data in the anterior/posterior direction, i.e. thedaios of motion, and vertical direction (Z) were
captured for analysis. The magnitudes of ground reactioedavere divided bthe individual’s
body weight (normalized) to allow for a fair comparison betwearticipants. All motion data
wasfiltered using a zero phase second-order Butterworth vilitér a cut-off frequency of 8iz.
The raw GRF and kinematics data collected in the latigratere transferred to MATLAB
(R2015b, The Mathworks, MA, USA) to calculate the loadings;aige speed at which forces
impact the body, using equation (1) which is the slope ofitstedeak of the vVGRFA custom
program was written to identify the first peak in the waltGRFs. Once the point was identified,
the developed algorithm in the program used at least 4 piotgo the peak to calculate average
loading rate. The average loading rate was calculated as pgeedflthe points divided by the
corresponding time differences iashown in equation (1].

F, —F_ _ Equation 1
6fi: n n—1 q

by —th—
wheredf; is the loading rate for every point along the first peakjsfhe vVGRF and i and n are

the indices corresponid number of samplesThe impact and the heel linear velocities were

calculatedasdescribed by Equation 1. Data were tested for significaahrdéferences among

the six knees for the analysis of the variance (ANOVA) basedhumber of 6 independent trials

AndersonDarling were run to testhe data distribution is normal and the mean differences were



comparable. All analyses were performed in MATLAB (R2016b, Maéhworks, MA, USA) A
statistical significance level of 5% was used for the armly®ie adaptation was established by
plotting transient impact (dependent variable) versus the hieeitygindependent variable
negative trend was considered an indication of adaptation lasrend shows vGRF and vertical

velocity both decreased, simultaneously

Results
The results are divided into those taken the day the ampaieeen fitted with the new
prosthetic knee and those taken two weeks. [&tex gait speed was normalizegthe leg length

which was measured from the coordinate of the hip joint téotbteheel, given in Figure 2.
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Figure 2. Amputee’s speed with different commercial prosthetic knee versus control

subjects (CS)

The ampute&s speed with microprocessor knees showed an increase aftewedeks of
adaptation except for the Plie (during the faster paceé)Gnion2 (during slower paceJhe

greater speed values after the adaptation period raftgeater control over the prosthetic knee.



To obtain a proper comparison between the collected sigrsdl,analysis was focused before
and during the heel contact; all signals were synchroniziub dteel contact event (zero percent
of the gait cycle). Figure 3 and Figureldpict joint angles range of motion (ROM) and angular

velocity obtained during different walking speeds along wathtiol subjects.
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Figure 3. Range of motion and angular velocity for the hip, knee, and ankle of the prosthetic
side of three different walking speeds are shown for the amputee with different prosthetic
knees and control subjects. The signals were synchronized at the heel contact which is at

mid of figures (zero percent). For visualization purposes, only the mean values ar e shown.

The hip, knee, and ankle joint angles showed that there wadax $iexion/extension pattern on
both legs. However, the knee on the amputated side showed verfiditibn during the swing
phase and almost no flexion after the heel contact (20/®eegr60/20 degree). The ankle on
the amputated side between -50% to -15% of the gait cyclaedadtivity, contrary to the CS
ankles The trail hip range of motion (ROM) increased about -40% f80rto almost 39 degrees
just before the heel contact while the’Qfps continued to extend to the -20-degree andie
hip, knee, and ankle joint angular velocities on the ampuliegedere less activehen compared

to the CS.
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Figure 4. Range of motion and angular velocity for the hip, knee, and ankle of the sound
side of three different walking speeds are shown for the amputee with different prosthetic

knees and control subjects. The signals were synchronized at the heel contact which is at

mid of figures (zero percent). For visualization purposes, only the mean values ar e shown.

Theresults of mean vGRFewsus time for the amputee with different prosthetic kneed tlae

CS when walking with self-selected pace are shi®igure 5). The first peak for both prosthetic
and the intact leg were larger than the CS.
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Figure 5. Mean VGRF normalized to the weight of the subjects versus time for different
prosthetic knees and the control subjectsduring normal pacewalking. Theloading ratewas

calculated from thefirst peak of the plot right after the heel contact has taken place.

Figure 6 shows the box and Whisker plot of the loading ratdiff@rent speeds and prosthetic
knees
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Figure 6. Left and right loading rates measured for different pace for the amputee with
different prosthetic knees ver sus control subjects. CS: control subjects, an amputee with A:
3R60 B: 3R80, C: C-Leg D: Orion2 E: Rheo3 G: Plie2 knees. The purplecircle and star are

an indication of mean significant differences between the control subjects and the amputee.

The loading ratesn the intact side, on average, were higher in magnitude @k wae for all

different speeds. However, in the final week, the corthand ipsilateral showed reduced
asymmetry, except for the C-Leg for which the intact pideluced the mean magnitude of the
loading rate twice as large as the prosthetic leg. It apgahat the amputee learned to rely on

the intact leg during normal and faster pace. During the almnormal gait speeds, the mean
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differences on the sound leg were not significantly differeminfthe CS. The heel vertical
displacement, and anterior/posterior (A/P) velocity foraimputee along CS are shown in Figure

7.
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Figure 7. Hedl displacement, vertical velocity and anterior/posterior velocity of the amputee

with different prosthetic knees during the adaptation period. CS: Control Subjects A: 3R60
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B: 3R80, C: C-Leg D: Orion E: Rheo G: Plie prosthetic knees. The purple circle and star
are an indication of mean significant differences between the control subjects and the

amputee.

As the gait speed increased, the mean value was signifidéfferent from CS on the amputated
side based on our ANOVA study and this was more pronouncédgkimicroprocessor knees.
Figure 8shows the mean changes in normalized walking velocity for @dtipetic knees against

the transient impact.
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Figure 8. Relationship between the impact transient and heel vertical velocity. Individuals

regression lines were fitted for MP: Microprocessor Knees M: Mechanical passive knees.
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The final week adaptation results were marked by a black circle around corresponding
mar kers. Both impact transient and heel vertical velocity were nor malized to the weight of
the participants and the leg length, respectively. Amputee showed remar kable adaptation
for both theamputated and theintact limb by the negative correlations observed, except for
normal pacein amputated side and the fast pace on theintact side which the correlation for
MP knees is positive. The positive correlation showed that despite reduction in transient

impact loading rate, the heel vertical velocity did not reduce.

The plots were connected to show adaptation period histoeyfittdd lines in both left and right
legs were consistent in showing negative correlations bettheedependent and independent
variables except for the prosthetic leg during the normal speeldhe intact leg during the fast

pace. It can be observed that transient impact is foéar function of the heel velocity.

Discussion

This case study aimed to investigate the effect of differentmercial prosthetic knees on the
short-term progression of a UTFA based on biomechanical pteesnThere are many
commercial prosthetic knees available today and it is difficutiraw any conclusions on how
they may influence the functionality and performancerohetive ampute€ur major aim was
to monitor the relationship between the vertical heel Wgl@nd the transient impact to draw
conclusion about the adaptation and progression of an UTHiA is the first study to measure
the heel vertical and horizontal trajectories of an ampandea group of healthy individuals since
Winter’s study ] which was conducted for a few healthy participants. dlere it was
concluded that there are other factors such as the hip aadl&ri®n/extension and the ankle
plantarflexion/dorsiflexion that contribute to the control of libeding rate. ltvas obvious that

motor control played an important role in coordinatingjthiet just before and during the heel
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contacto produce a controllable transient impact as the amputeebkeckpted to the prosthetic
knees and learned to slow down his .[19]

Most of the past studies have focused on a pool of amputees \i@tenliftypes of prosthetic
knee and footwith which the biomechanical responses were measured. Howeveuyrt
knowledge, no study has considered how an active TFA may adaffeterdi prosthetic knees
based on direct biomechanical responses during a short peridehbiiitation.

Despite asymmetry in ipsilateral and contralateral lggsbiomechanical adaptation was evident
after a short periodrhe increasén walking speed is usually achieved by larger plantar-flexor
angle during the push-off. Similanobility may be achieved by extending the hip to create a
flexor torque about the hip joi 9] to prepare the leddok of plantarflexion during the push-
off, which appears to be theputee’s strategy.

The trend line betweehd loading rate and the heel’s vertical velocity were negatively correlated
(Figure 8) during slow walking showing adaptation of amputélegrosthetic knees. This may
suggest an appropriate rehabilitation strategy to avoid any usldlesidaptation. By prescribing

a slower than self-selected speed for the amputee hetiening of a new prosthetic knee (as
she/he becomes more familiar with based on their biomechanical responses, the prosthetist
may allow the amputee to walk with a faster sp&beé loading rate was significantly higher than
CS during the normal and faster pace, the values were erempnonounced in the amputee with
a microprocessor-based prosthetic knee. By the final wedkechdaptation period, the mean
loading rates reduced between the amputated and soundMitigshe self-selected and faster
speeds, the mean loading rates on the intact side were mgherfirst week of adaptation than
the prosthetic side. However, this trend changed except faZ-thg during the normal pace,
returned to larger loading on the intact leg similar ta tbported b except for Rheo2.

The Amputees lack of proprioceptive feedback during the ghidtian is also another causation
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to generate large loading ra[24] in addition to the demignalignment challenglzl}.
study by Keller] has shown the group of joggers whose speedbsarveen 1.5 to 6.0 m/s

generated loading rates among 8 to 30 BWie @amputee produced larger loading rates
comparable to those joggers. It is believed that generating $aigedoading rate in UTFA may
be a possible cause of injuries to tingutee’s musculoskeletal syste WIW|

The amputee’s hip on the amputated side has showrmrelatively larger ROM in all walking speeds
when compared to the C8hich may translate to larger metabolic energy consumptiappkars
that, contrary to the data reporteg Winter, the vertical heel velocity is not virtually zero for
either the C ] or the amputee with different prosthatiees just before the heel contact
Based on Figures 3 and 4, the amputk® on the prosthetic side went to an early extension and
continued about 10% of the gait cycle after the heel contamirred (Figure 3). The foot was
relatively stationary in A/P velocity (Figure 7), howevée highest speed in the late swing phase
suggestdthat the hip reached its greatest speed% before the foot contadthis phenomenon
may be explained by dynamic walking in which the lack ahmrflexion on the amputated side
is compensated by the hip torque generated against the mgrﬁ]. An inspection of the
ampute& hip angular rotation with different prosthetic knees inditdtext the amputéehip
continued to extend 14% of the gait cycle before the twghct, which is contrary to CS where
the hipwas momentarily stationary just before the heel contact oat\Rigure 3) It appears
that the mechanism for a gentle contact of the heel regsigeificant control and coordination
between the knee flexion and ankle pIantarfleﬁn [7]. Howetis described mechanism was
not achieved by the amputee. It is conclusive that excettenor control is required for the
amputee to avoid shock as they are unable to slow down thadiifaavelocity to a stationary
position and reduce the heel vertical velocity during thedadiag phaseThe current findings

may also suggest why amputees haviendency to rely on their intact leg more than the
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amputated Ieﬁ?]The current data appeatts support Winter’s third motor functions fact,
indicating that in order to have a safe control of foajettories and to achieve a gentle heel
landing, significant motor functions are required to co@tirihe hip, the knee, and ankide
inclusion of a haptic system in the prosthetic knee may enharméedn proprioception which
may help to reduce the heel velocity. The A/P heel velpgstybefore the heel contact on average
was higher than CS on the intact limb. Elderly postural stakslikpown to shift from the ankle
to the hip due to loss of proprioceptive, and cutaneous isre[QBLting in larger A/P heel
velocity compared to fit adul 9uring late swing, activation of the hamstrings group causes
a flexion moment at the knee, and an extension moment hipthizoth of which may contribute
to the reduction of the anterior/posterior (A/P) velocityhe foot prior to heel contact (HO
| in amputees. The horizontal heel velocity was reduced Iglighthe amputee by the final
week of adaptation showing the progression of the amputee to taddq@ prosthetic knees
maintaining postural stability.

For our study to generalize the outcome, the number of TE#t increase. However, the
approach we chose was to observe and implement a methavf@am active amputéegait will
adapt to the prosthetic knees without introducing confounding eaeesrthat may vary from one
amputee to another due to the length of amputation, methddlegel of confidence during
walking. Our focus was given to objective functions and obseryaiameters that are captured
from a motioncapture system. This perhaps can be told as the “designof experiment” on the
prosthetic knee system. The biomechanical responses showed thaiptitee learned to adapt
to the prosthetic knees. The amputee adaptation time isttitig was only two weeks, however,
this has been shown in a study by Barnett eEI [32] (fornmicroprocessor devices) to be an
adequate time to become adapted to a prosthetic devieeprbbthetic alignment is another

challenging task which requires to be implemented by arreppasthetist. To be consistent, all
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alignments were done in the same hospital with a designateclsten avoid any possible
misalignment. In addition to the above limitation, Uncertaintglacing the passive markers on
anatomical sites may be considered another limiting fattisreffect was reduced by considering
only one individual to perform such tasks. To estimate kinematiouman joints, motion capture
systems currently rely on built-in biomechanical models whickidenthe joints to be idealized
mechanical joint (i.e. revolute and cylindrical jointshex than a physiological joint performing
simultaneous translation and rotation, resulting in reduced kitiesnaccuracy than what is
anticipated. However, to avoid inconsistency, the biomechkamodel was considered to be the
same for the models and the definition of passive markasomy used to describe the height,
mediolateral width of the limb and center of rotationh# joints regardless of the mechanical

property of the prosthetic legs or muscle reass the results.
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