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ABSTRACT

Individuals with lower limb amputation are at higher risk of falls given their compromised
balance, loss of lower limb muscle strength, and altered gait pattern. It has been estimated that
there are roughly 0.62 amputees in India per thousand population. This translates to close to one
million individuals with amputations in the country. With the prevalence of infectious diseases,
diabetic mellitus, and traumas, lower-limb amputation is expected to increase in the future. In the
past, the investigation of falls and rehabilitation strategies to prevent falls in amputees have
received considerable attention. In general, transfemoral amputees (also known as above-knee
amputees) are at a higher risk of falling than transtibial amputees (below-knee amputees).
Moreover, transfemoral amputees often encounter reduced toe clearance, resulting in trip-related
falls and increasing the risk of falling. To compensate for anticipated reduced toe clearance,
transfemoral amputees adopt various locomotion strategies such as vaulting, circumduction, and
hip-hiking. But, all these techniques for enhancing the toe clearance impose undesirable gait
deviation and deteriorate the overall walking efficiency.

Toe clearance, particularly the minimum toe clearance (mTC), was most sensitive to the
angular rotation of the ankle joint followed by the hip joint and, lastly, the knee joint. Therefore,
researchers have been focusing on designing advanced actively actuated ankle joints to improve
mTC. However, due to the high cost of these advanced techniques, they are rare among the poor
or lower-middle-class community-dwelling people in developing countries with lower-limb loss.
Therefore, developing biomechanically appropriate rehabilitation techniques, which promise to
enhance the toe clearance in low-cost passive transfemoral prostheses, is of utmost importance.

Thus, the present thesis aims to contribute to the research area of gait rehabilitation with the



objective to enhance toe clearance using biomechanically appropriate rehabilitation techniques in
low-cost passive transfemoral prostheses.

To this end, I investigated the effect of the CoP displacement on the mTC and associated
toe clearance outcome parameters. A comprehensive analysis of swing phase joint angle
modulation responsible for the altered mTC and associated toe clearance outcome parameters was
also carried out. A novel CoP-based feedback system was developed that consists of the
instrumented shoe and pressure insole for real-time toe clearance and CoP measurement,
respectively. The data were collected from six able-bodied participants and three unilateral
transfemoral amputees. The experiment was conducted during three different walking sessions-
baseline, feedback, and retention while participants walked on the treadmill. During the baseline
session, data were acquired during unconstrained walking without feedback. Subsequently, during
the feedback session, participants were asked to shift the CoP anteriorly/posteriorly at heel strike
to match the target CoP location using visual feedback provided through a monitor screen placed
in front of the participant's line of sight. Finally, to assess the lasting effect of training on toe
clearance, a retention session was conducted.

During feedback, a posterior shift in the CoP improved the mTC significantly from
4.68+0.40cm to 6.12+0.68cm (p<0.025) in able-bodied participants. A similar significant
improvement in mTC from 4.60+0.55cm to 5.62+0.57cm was observed in amputees during a
posterior shift of CoP. Besides mTC, maximal toe clearances, i.e., maxTC; and maxTC,, also
showed a significant increase (p<0.025) during the posterior shift of CoP in able-bodied
participants and amputees. Moreover, during retention, mTC did not differ significantly (p>0.05)
from feedback conditions in amputees, suggesting active learning of feedback training. During the

mid-swing phase, posterior CoP shift feedback significantly increases (p<0.05) the hip and knee



flexion angle by 11.55+0.52 degrees and 11.86+0.36 degrees respectively in amputees, whereas a
significant increase (p<0.05) in ankle dorsiflexion, hip, and knee flexion angle by 3.60+0.25
degrees, 3.22+0.23 degrees, and 1.27+0.12 degrees respectively compared to baseline was
observed in able-bodied participants. Moreover, an opposite kinematic adaptation was seen during
anterior CoP shift feedback. There were evidence earlier about the protocols on heel strike
modulation associated with gait improvement; however, this is the first study that developed and
validated the posterior shift in CoP protocol with improved minimum toe clearance in lower limb
amputees. In addition, the present work demonstrated kinematic modulations in lower limb joints
which may be responsible for improved minimum toe clearance.

The proposed research work demonstrated a significant potential of real-time visual
feedback of CoP in improving mTC, maximal toe clearances in able-bodied and amputee
participants. A longer training time can further enhance the mTC with walking speed. Also, a
careful replacement of visual feedback to vibrotactile feedback may promise home-based gait

training for mTC in transfemoral and transtibial amputees.
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Experimental setup for CoP visual feedback training. A subject equipped
with the instrumented shoe, the pressure insole, and the goniometer. A
visual feedback screen placed in front of the subject’s line-of-sight.

A 2D visual representation of the CoP displacement as a point on the
monitor screen. Red point is the displacement of the CoP in the
anteroposterior direction starting from heel strike till toe-off during
stance phase (in the sagittal plane).

Experimental protocols: a) data collection timeline (b)- The depiction of
the CoP range calculated as the difference in the displacement of the CoP

at toe-off and heel strike during baseline (left). The location of the black
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53

54

5.5

5.6

points at 5% and 25% (of the average baseline CoP range) above the
average baseline CoP at heel strike for anterior CoP shift feedback
(middle) and below the average baseline CoP at heel strike for posterior
CoP shift feedback (right).

Visual portray of CoP displacement at heel strike (red color point) in the
transverse plane of the foot along the sagittal axis with a target zone of
CoP represented by two black color point (correct target corresponds to
posterior CoP shift feedback-left top; correct target corresponds to
anterior CoP shift feedback-left bottom; the wrong target corresponds to
posterior CoP shift feedback-right top; wrong target corresponds to
anterior CoP shift feedback-right bottom).

Flowchart of the data processing and the outcome parameter estimation
scheme. HS and TO refer to Heel Strike and Toe Off, respectively

A representative toe clearance (red color) and Foot-to-ground angle
(blue color) signal v/s time (seconds) where positive valued red color
impulse signal corresponds to heel strike and negative valued
corresponds to toe-off events.

CoP depiction from able-bodied and amputee participants. (a)-
Representative CoP trajectories from able-bodied participants during
different conditions — Baseline (left), FedAntCoP (middle) and
FedPostCoP (right). CoP displacements from (b) -Able-bodied during
feedback. (c) -Able-bodied during retention. (d)- Amputee during

feedback. (e)-Amputee during retention for baseline (black labeled axis),
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5.7

5.8

59

FedAntCoP (red labeled axis), FedPostCoP (green labeled axis)
conditions. FedAntCoP: CoP anterior shift feedback, FedPostCoP: CoP
posterior shift feedback, RetAntCoP: CoP anterior shift retention,
RetPostCoP: CoP posterior shift retention.

Bar plot of Mean and standard deviation (SD) of the center of pressure
(CoP) displacement at heel strike across different walking conditions
(Baseline, FedAntCoP, FedPostCoP, RetAntCoP, RetPostCoP) for able-
bodied and amputee participants.

Toe clearance of a representative participant for three different walking
conditions: baseline (black line), FedAntCoP (red line), FedPostCoP
(green line) where, dotted line represents the standard deviation and
solid line represents the average value. * represents mTC, 4 represents
maxTC; B represents maxTCo. (a)- A representative toe clearance from
able-bodied participants as a percentage of the gait cycle. (b) -A
representative toe clearance from amputee participant as a percentage of
the gait cycle.

Foot-to-ground angle (FGA) of a representative participant for three
different walking conditions: baseline (black line), FedAntCoP (red
line), FedPostCoP (green line) where, dotted line represents the standard
deviation and solid line represents the average value. (a)- A
representative FGA from able-bodied participants as a percentage of the
gait cycle. (b) -A representative FGA from amputee participant as a

percentage of the gait cycle.
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5.10

6.1

6.2

6.3

7.1

A representative toe clearance mTC (red color) and non-mTC (blue
color) stride as the percentage of the gait cycle.

Joint angle measurement setup: a) goniometer sensor b) placed on the
joint and ¢) Schematics of the external TTL (+5/0 V) triggering circuit
Experimental protocol. (a) - A representative amputee participant
equipped with 1) Pressure insole, 2) Goniometer sensors, and 3) DAQ
unit. (b) - Amputee participants walking on the treadmill during the
feedback session. (c¢) - A visual feedback monitor screen.
Representative lower limb joint angles (Hip, knee, ankle angle in
degrees) as a percentage of the stride time for (a) Able-bodied participant
and (b) Amputee during three different walking conditions: baseline,
FedAntCoP, FedPostCoP where in each figure solid blue line represents
the mean whereas the shaded blue region represents the standard
deviation. A solid black line on the x-axis represents the stance phase. (1
increase in the angle; | Decrease in the angle; Dorsi: Dorsiflexion;
Plantar: Plantarflexion).

Summary of the key findings and the future advancements
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