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ABSTRACT

The above-knee lower limb loss is a common and complex amputation type, which
compromises the loss of two fundamental joints for bipedal walking, thus limiting the
person's autonomy. Its etiology is associated with health problems, mainly vascular or

traumatic.

The transfemoral prosthesis is a supportive orthopedic device for the rehabilitation and
adaptation of the amputee to their new mobility condition. Typically, the prosthesis is
assembled with a socket, suspension system, prosthetic knee or joint unit, pylon, and

prosthetic foot.

The adaptation to the prosthetic device is imperative for the amputee's functionality to
improve; therefore, the proper performance of the prosthesis must be ensured. Prosthetic
alignment is a procedure for adjusting the prosthesis according to the anatomical and
biomechanical conditions of the amputee. The alignment procedure typically is conducted
in three stages: bench, static, and dynamic alignment. The bench alignment includes the
prosthesis assembling and the components aligning according to the load lines of the
prosthesis to lock the joint unit. The purpose of static alignment is to match the prosthesis'
load lines to the amputee's anatomical lines to ensure balance during standing. Dynamic
alignment studies the amputee's gait to identify deviations associated with prosthetic

misalignment; so, a fine adjustment of the prosthesis is performed.



The prosthetic alignment procedure is considerably dependent on the prosthetist's
knowledge and skills in gait analysis and prosthetic alignment, as well as the amputee's
communication skills and the rehabilitation center's assistive technologies. This decreases
the likelihood of achieving nominal prosthetic alignment, making gait deviations the first
sign of prosthetic misalignment. If the gait deviation is sustained over time, the amputee
changes his or her gait patterns, resulting in diseases of the amputee's musculoskeletal

system.

Multiple measurement systems are used to analyze the gait of humans. The recording of
spatio-temporal, Kinetic, kinematic, thermal, and muscle activity parameters provides
information to detect gait deviations associated with prosthetic misalignment; however,
there are no devices dedicated to alignment assessment. Often prosthetic fitting centers
do not have access to gait and standing analysis technology; therefore, subjective
strategies such as standing observation, visual gait analysis and verbal feedback from the
amputee are used to adjust prosthesis alignment. Under this consideration, prosthetic
alignment is highly subjective, so the integrity of the amputee's health is at risk.
Computational approaches have been proposed to support transtibial prosthetic alignment
procedures; however, the scientific literature does not report computational models
dedicated to assess the alignment of transfemoral prostheses, so there is still a delay in

this subject.

In this thesis, we consider that prosthetic gait is a multivariate system in which qualitative
and quantitative variables of the patient and prosthesis are affected by prosthetic
alignment and their relationship can be recognized with the gait and standing analysis.

Under this premise, we proposed to develop a new protocol for the alignment of



transfemoral mechanical prostheses supported by computational models for the

prosthetist's aid during the prosthetic alignment.

Initially, a literature review was performed to identify the qualitative and quantitative
parameters, and the technologies typically used during the gait analysis and prosthetic
alignment procedure. A prevalence was found in the use of kinetic, spatiotemporal,
muscle activity, body balance, comfort, and stump temperature parameters for the
evaluation of prosthetic gait. Likewise, the study allowed us to recognize the magnitude
and direction of the alignment variations, the prosthetic elements aligned, the
characteristics of the alignment tests, and the population size for recording. The literature
review found a lag in the dynamic alignment research, particularly for transfemoral

prostheses.

Based on the literature review findings, we proposed to record twenty-eight (28)
parameters of the Ground Reaction Force (GRF), twelve (12) spatiotemporal parameters,
six (6) electromyography parameters of the tibialis anterior, gastrocnemius medialis,
rectus femoris, and the biceps femoris, and nineteen (19) stump temperature parameters.
Additionally, a seventeen (17) question survey was applied to evaluate the prosthetic
comfort, and anthropometric and sociodemographic information of the volunteers was
asked. Random alignment variations of the socket were ranged between -18.0° to 28.0°
in flexion-extension, adduction-abduction, and internal-external movements. The foot
alignment variations ranged between -13.0° to 11.0° in dorsi-plantar flexion, eversion-

inversion, and internal-external rotation.



Five (5) alignments were variated on the prosthesis for each amputee, one (1) nominal
alignment and four (4) misalignments. The nominal alignment was judged by a senior
prosthetist at the Mahavir Kmina Artificial Limb Center. The alignment test was double-
blind, as neither amputees nor prosthetists were aware of the prosthetic misalignments.
The alignments order was random. Each amputee walked down a hallway for fifteen (15)

minutes and all parameters were recorded.

All parameters were processed to identify inter-subject statistically significant differences
between nominal alignment and misalignments, to find the descriptive variables of the
static and dynamic prosthetic alignment procedure. The prosthetic misalignment produces
statistical differences of the GRF for the prosthetic limb during walking trials; however,
no differences were observed in standing. The misalignments did not produce significant
differences in the amputees’ balance, comfort, and muscular activity of the sound limb,
during gait and standing trials. Generally, the prosthetic gait of the transfemoral amputees

was faster, more unstable, and fatiguing than the normal gait of the control group.

Parameters associated with the stump temperature did not show significant differences
between both alignment conditions; however, the intra-subject analysis of the
temperature’s variation coefficient was different between nominal and misalignment for
more than 70.0% of amputees. The inter-subject analysis of the Ground Reaction Force

(GRF) showed statistical differences between both alignment conditions.

Statistical analysis showed no significant differences between nominal alignment and
misalignments during static alignment. This limited the scope of the alignment protocol

proposed in this thesis to dynamic alignment. From the statistical analysis, it was



identified that the following parameters behave as differentiating descriptors between
nominal alignment and misalignment during dynamic alignment: the braking force
impulse (I3), propulsion force impulse (1,), duration of the stance phase (t,), duration of
the braking phase (t,), duration of the propulsion phase (ts), time to propulsion peak
(t;), time to midstance valley (t,), the impulse of terminal stance and pre-swing (I), the

loading rate (LR), the braking (BIy), and propulsion impulse (PI;,).

The alignment protocol proposed in this thesis includes two computational models. The
Support Machine Vector (SMV) with Gaussian Kernel was used to classify GRF
parameters of the amputee’s gait between nominal and misalignments. The dataset was
divided into 80% for training and validation, and 20% for model testing. The SVM model
separated the dataset between nominal alignment and misalignment with 95.5% accuracy.
The confusion matrix shows a 5.5% false-negative rate (FNR) for the misalignment class

and a 1.8% FNR nominal class.

A Bayesian Regularized Artificial Neural Networks with 30 hidden layers was trained to
estimate the magnitude and direction of prosthetic misalignment in flexion-extension,
abduction-adduction, and internal-external rotation of the socket, and dorsiflexion-
plantarflexion, inversion- eversion, and medial-lateral rotation of the prosthetic foot. The
model could reproduce 94.11% of the information. The histogram shows 0.51° error for
the estimated parameters; therefore, using both models, we propose the alignment

protocol.

The computational alignment protocol was validated in the Mahavir Kmina Atrtificial

Limb Center. Two (2) transfemoral amputees were recruited for the trials. One junior and



one senior prosthetist accompany the validation tests. The alignment protocol was iterated
a maximum of 3 times, to limit interactions with the amputee by COVID-19 biosafety
standards. During each iteration, junior and senior prosthetists evaluated the amputees'

gait on a scale from zero (0) to ten (10).

The nominal alignment of the first amputee was not achieved throughout the three
iterations, and prosthetists finally rated the prosthetic gait as 8.0. The prosthetists and
computational protocol matched in the misalignment prosthesis for all three iterations.
The non-convergence of the nominal alignment could be due to the precision of the
prosthetists in adjusting the angles suggested by the computational protocol, and the

learning curve in the use of the protocol.

In the validation session of the alignment protocol for the second amputee recruited, the
prosthetists were more skilled in the alignment’s adjustments, so the nominal alignment

was achieved in the second iteration, ranging the amputee’s gait at 9.6.

The prosthetists on average scored 8.18 on the prosthetic gait after applying the
computational alignment protocol. The natural amputees' gait patterns affected gait
quality; therefore, the correction of gait deviations should be done with a posterior
treatment. Prosthetists scored 8.52 for this kind of computational aid of the prosthetic
alignment, and they stated that the alignment protocol allowed them to do a better job,
rating it with an 8.58. The senior prosthetist stated that the protocol made him take 37
minutes longer than usual and the junior prosthetist stated that computational protocol did

not take him longer.



The result of our computational alignment protocol presents an advance in the study of
dynamic prosthetic alignment for transfemoral amputees; however, the prosthetic
alignment protocol should continue to be studied to clarify the uncertainties caused by
the intersubjectivity of the data and to find new strategies to support prosthetists. The rate
of convergence of the protocol could be improved by retraining the computational models
with a larger dataset; however, the accuracy of angles adjustment is perhaps affecting the
convergence of the nominal alignment. Therefore, further research should be focused on

the development of more precise alignment tools.
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Chapter 1

General Introduction

This chapter describes the main characteristics of the prosthetic alignment procedure and
highlights the problematic elements that motivated this research. The hypothesis is
presented, and the objectives were developed throughout this doctoral thesis. Likewise,
the methodological structure and development of experiments that were used in this
research to confirm the investigative hypothesis are disclosed. Finally, a general outline

of the thesis is presented.
1.1.  Problem statement.

According to the World Health Organization (WHOQO) and The World Bank, worldwide
there are more than one billion people affected by some kind of disability [1], [2]. Some

estimates suggest between 5% and 10% of the Colombian population has some type of

19



disability [3]; however, in more recent data an estimated 7.2% is reported at the national
level [4]. The number of worldwide amputees is not known; for instance, the WHO
estimates forty million people need a prosthesis, orthosis, or rehabilitation treatment [5].
Other reports suggest that in developed countries there are more than fifty-seven million
amputees [6]. In Colombia, more than 120.000 people with upper or lower limb problems

were reported in 2014 [7].

Amputation is associated with different causes, such as vascular disease, trauma,
infections, diabetes mellitus, and cancer [8]. The unilateral lower limb amputation is a
generalized and common case and it is classified according to the amputation height [9]-
[11]. Transfemoral amputation is a complex injury that comprises the portion of the lower
limb, which is necessary for human locomotion. The goal of surgery is to supply muscle
balance and to position the femur for weight-bearing and ambulation [12]. Adaptation of
transfemoral amputees can be significantly achieved with proper medical treatment and
psychological support. The artificial limbs allow the amputee to adapt to the new mobility
conditions; however, only 10% of the worldwide amputees can access the prosthesis [13],

[14].

The components of the transfemoral mechanical prosthesis are socket, suspension system,
joint unit (knee), shank, and a terminal device (foot) [15]. The prosthetic alignment is a
procedure to position the prosthetic components to achieve the most suitable limb
geometry, and amputees’ functionality and comfort [16], [17]. The alignment protocol is
an experimental procedure consisting of three stages: bench alignment, static alignment,

and dynamic alignment [18]-[20].



The bench alignment implies the assembly of the prosthetic components seeking the
balance of anterior and sagittal load-lines. During the prosthetic assembly and bench
alignment procedure, the prosthetist takes care of the prosthetic weight balance to keep
the knee locked while the prosthesis is upright. The static alignment procedure aims at a
correct integration of the prosthesis and the patient. This procedure consists of aligning
the anatomical lines of the amputee with the load lines of the prosthesis to ensure a correct
distribution of the amputee's weight on the residual limb [21]. The dynamic alignment
implies a complex amputee gait assessment procedure of the prosthetic gait to detect
deviations such as circumduction, lateral trunk tilt, abduction gait, pistoning, swinging

movement of the whip, among others [22]-[24].

Bench alignment is developed by using lasers or plumb lines to align the prosthesis from
distal to proximal component [25]. Manufacturers such as Ottobock and Fillauer have
developed sliding adapters that align the socket line in the frontal and sagittal to the stump
angles. Typically, these devices are used for contracted residual limbs [26], [27]. The
L.A.S.A.R system (Ottobock, Germany) is used to perform static alignment. This device
uses load cells to align the anatomical lines of patients with the prosthesis lines to improve
the weight distribution lines. Inertial measurement units [28], motion capture systems
[29], and the Europa + system (Orthocare, USA) are used to assist the prosthetist during

gait analysis and assess dynamic alignment.

The previously described devices help to perform the alignment procedures; however,
some problems remain. For example, sliders must be integrated into the prosthesis, so the
final alignment is affected when they are removed from the prosthesis. Any device that

allows analysis of balance or human gait performance can be useful in assessing the effect



of prosthesis alignment; however, there are no devices completely dedicated to assisting

the prosthetist during alignment.

The definition of the optimal prosthetic alignment depends on multiple characteristics of
the amputee such as anatomical features, residual limb morphology. and the degree of
adaptation to the prosthesis. Likewise, the nominal alignment depends on the type of
prosthesis used and its particularities. For this reason, prosthetic fitting centers include
gait and standing analysis devices, amputee feedback, and procedural observation to
assess prosthetic alignment. The prosthetist's skills to perform the alignment directly
affects the likelihood of misaligning the prosthesis. These phenomena increase the

uncertainty and subjectivity during the definition of the optimal or nominal alignment.

Computational models reported in the literature were able to identify between nominal
alignments and misalignments of transtibial prostheses during walking, and suggesting
the alignment angle of the prosthetic foot to achieve the optimal alignment during
standing [30]; however, there is a gap in the knowledge of transfemoral alignment [31]—
[33]. Computational models are unknown to aid the prosthetist during static or dynamic
alignment of transfemoral mechanical prostheses that include socket and prosthetic foot

angle changes simultaneously.

Commercial support systems and those reported in the literature are scarce, so the
prosthetist uses observation as the main evaluation mechanism [34]. Therefore, the
alignment of transfemoral mechanical prostheses could be summarized as an iterative,
qualitative, and complex procedure in which the prosthetist analyzes multiple

biomechanical variables during standing and walking of the amputee. The subjectivity



during the definition of alignment quality, i.e., nominal or misaligned, produces negative
effects on the amputee’s health and prosthetic fitting. The prosthetic misalignment triggers
diseases such as osteoarthritis, back pain, and stump ulcerations [35], additionally affects
the energy expenditure [36], and increased pressure on the skin that is in contact with the

socket [27].

To conclude, the main problem with alignment protocols is the subjectivity involved in
identifying the nominal or optimal alignment, taking into account the particularities of
the amputee. Also, the absence of computational alignment models for transfemoral

prostheses is the motivation for developing this research.

1.2.  Scope, hypothesis, and proposed solution.

Considering the limitations of alignment procedure of the mechanical transfemoral
prostheses and the negative effect on the amputee's wellness when misalignments occur;
furthermore, the experience of the research group in bioinstrumentation and clinical
engineering (GIBIC) [37] and the Mahavir Kmina Artificial Limb Center in prosthetic
limbs research, the following hypothesis is considered: “An alignment protocol based on
a computational model will predict the value of the angles with which a transfemoral
mechanical prosthesis should be aligned during the prosthetic gait analysis”, based on a
literature review and a statistical analysis that identifies the gait parameters significatively

affected by the prosthetic alignment procedure.

The alignment protocol proposed will reduce the subjectivity of the prosthetic alignment

procedure, providing the prosthetist a greater control of the alignment procedure. A new



alignment protocol will be the basis for new prosthetic procedures and the continuous

improvement of the transfemoral and transtibial alignment protocols.

1.3.

Main objective.

To propose an alignment protocol that helps the prosthetist during the static and dynamic

alignment procedure, relating the biomechanical variables of the interaction between the

patient and the users of the transfemoral mechanical prosthesis with a polyaxially knee.

1.4.

Specific objectives.

To identify the set of biomechanical variables that characterize the static and
dynamic alignment of transfemoral mechanical prostheses.

To propose a qualitative and quantitative measurement method for the
biomechanical variables set that are characteristics in the static and dynamic
alignment of transfemoral mechanical prostheses.

To design a protocol for patients’ selection and the biomechanical variables record
of the amputee and the prosthesis, during the static and dynamic alignment
procedure.

To propose and evaluate a computational model based on the biomechanical
variables recorded during the static and dynamic analysis of the transfemoral

mechanical prostheses.



V.  To propose an alignment protocol to support the prosthetist during the static and
dynamic alignment of transfemoral mechanical prostheses, based on the
computational model.

VI.  To validate the alignment protocol of transfemoral mechanical prostheses by a

statistical evaluation with transfemoral amputees.

1.5.  General methodology.

To achieve the aim of this thesis, the methodology outlined in Figure 1 is followed. As
well as the methodology helps to understand the development of the chapters in the

presented thesis document.

| Request the endorsement of informed consent for studies with humans to the ethics committee of the University of |
- Antioguia
2
Sl Y
| Systematic review of gait parameters used to analyze the prosthetic alig of f 1 hanical prosthesi |
“ \ 4
'_CE‘ | Formulation of qualitative and ive methods to record the set biomechanical variables. |
Y
| Proposing a volunteers selection method, a tests protocol and select measurement devices |
o
2
o A4
| Database recording of biomechanical characteristics during the gait and the static and dynamic alignment |
Y
I Processing, denoising and extraction of parameters from the database. |
Y
| lection of statistically significant p showing differences between a nominal alignment and misalignment. |
Proposing a classification computational model that differentiates the amputee's gait when using a nominally aligned
prosthesis and misaligned prosthesis
-
2 No
CS
v Ye:
Proposing a regression computational model that allows reaching a nominal alignment from prosthetic gait observations. |(
No .
> Fitting
Yes
el Y
'g‘ | Proposing an ali protocol of e | mechanical prosthesi |
Y
| Validation of the ali protocol of mechanical fe | prosthesis |
-]
: !
Presentation of the relevant results, conclusions, discussion, and
future work

Figure 1. Thesis methodology.



1.5.1. Ethics committee endorsement request and database registration.

The bioethics committee of the University of Antioquia requested the endorsement of the
informed consent approval. This study registered a set of anatomical and biomechanical
variables from a population of healthy adults with transfemoral amputation. The risk for
the amputee was minimal during the tests. The volunteers were recruited by Mahavir
Kmina Artificial Limb Center. Participation in the study was conditional on the

endorsement of Mahavir Kmina and the inclusion-exclusion criteria.

Sixteen transfemoral amputees were enrolled with the preselection of the Mahavir Kmina
Artificial Limb Center (MK) and a control group of fifteen non-amputee volunteers. The
transfemoral amputees included in the study were adults with at least one year of
amputation surgery, more than six months of experience wearing a transfemoral
prosthesis, being over 18 years old and under 70 years old. The exclusion criteria for both
groups were diagnosis of neuromuscular or bone diseases, consumption of intoxicating

drinks or hallucinogenic substances in the last three days, and not being pregnant.

For the database construction, sociodemographic and anthropometric information,
amputation cause, morphological characteristics of the residual limb, and parameters of
the prosthesis were asked to the volunteers. The approval of the people was requested for

video recording, photography, and biomechanical parameters collection.

1.5.2. Gait parameters associated with the study of prosthetic alignment.

The understanding of biomechanical parameters that describe a clinically acceptable

alignment of transfemoral mechanical prosthesis is an essential previous stage to propose



a computational model for prosthetic alignment. A literature systematic review was
completed following the checklist Preferred Reporting Items for Systematic and Meta-
Analyses — PRISMA [38]. Thirty-eight articles were chosen for the quantitative analysis.
The quality assessment of the papers was performed using an adaptation of the Downs &
Black criteria [39], focusing mainly on the population information, the alignment
variation magnitudes, and the alignment experiment procedure. The quality level of the
studies was divided among A, B, and C, according to the number score calculated by the

Van der Linde et al. method [40].

The literature review allowed us to identify that the clinically accepted protocol to
perform prosthetic alignment consists of changing the socket and foot angles to adjust the
amputees’ biomechanical to normal gait patterns [41]; however,. In addition, insufficient
studies were found to explain the effects of prosthetic misalignment in transfemoral

amputees. The results of the literature review are deepened in Chapter 3.

1.5.3. Selection of parameters related to the alignment procedures and test protocol

formulation.

The parameters that would be recorded during the alignment tests were defined during
this stage. The literature review was the input for the test protocol construction because
it allowed the identification of clinically accepted conditions. The test protocol defined
the parameters to be recorded for the patient, the prosthesis, and, in general, the gait

analysis.

The parameters that would be recorded during the alignment tests and the formulation of

the test protocol were defined during this stage. The literature review allowed us to



identify the parameters clinically accepted to assess the prosthetic gait. The muscle
activity, kinetic, and kinematic parameters were chosen to record the standing and
walking. Anthropometric and sociodemographic data of the volunteers, characteristics of
the stump, and the prosthesis in the amputee group were recorded. The thermography of
the residual limb was recorded. The Prosthesis Evaluation Questionnaire (PEQ) was used
to assess the amputees' comfort [42], [43]. The test protocol defined the characteristics of
the walking test environment, the measurement instruments, and procedure for data
capture, the amounts of alignment variations, the sequence of the tests, among others.
Chapter 4. and Chapter 5. explain and develop the parameters choice and the alignment

experimentation

1.5.4. Database recording for amputees and the control group.

The characteristic gait parameters were recorded when dynamic alignment for
transfemoral amputees was performed. The facility of Mahavir Kmina Artificial Limb
Center (MK) was used as a gait analysis laboratory for ten months. The amputee records
took three days. The clinical evaluation of the patient and their inclusion assessment were
performed by the MK experts during the first day. If the patient had been approved by
MK and agreed to take part in the study, their anatomical parameters were recorded, and
informed consent was presented. On the second day, the MK prosthetists built the
prosthesis, and the bench alignment was done. On the third day, the volunteer was
prepared for walking trials. The walking trials took around 8 hours. Four misalignments
and one nominal alignment were performed. The gait trials will be expanded on Chapter

4. and Chapter 5.



1.5.5. Statistical significance analysis of gait parameters collected.

The parameters statistically most affected by prosthetic misalignment were identified and
showed statistically significant differences between nominal alignments and prosthetic
misalignments. Kurtosis-bias analysis [44] and Kolmogorov-Smirnov test [45] were
applied to identify the normal distribution of data. The one-way analysis of variance
ANOVA [46], Kruskal-Wallis test [47], and Kolmogorov-Smirnov tests [48] was used to
identify statistically significant differences between nominal alignments and
misalignments, including within and between subjects analysis. The Bonferroni test was
used to perform a multiple comparison test between volunteers to compare nominal
alignments and misalignments. The statistical analysis will be expanded in Chapter 4.

and Chapter 5.

1.5.6. Novel alignment protocol for transfemoral mechanical prostheses.

The alignment protocol for transfemoral mechanical prostheses proposes the use of two
computational models. Vector support machines [49] are used to identify whether a
prosthetic alignment is correctly performed (nominal) or incorrectly performed
(misalignment). A regression model using neural networks [50], [51] allows estimating
the misalignment angles in frontal, lateral, and transverse rotation of the socket and foot.
The prosthetist uses the alignment protocol to support his assessment criteria of the
alignment quality. The alignment protocol used both alignment models to estimate the
magnitude and direction of prosthetic misalignment. With this information, prosthetists
can adjust the prosthesis to achieve nominal alignment. The development of the models

and the alignment protocol is expanded in Chapter 6.



1.5.7. Alignment protocol validation.

One junior and one senior prosthetist to perform the alignment protocol validation tests.
The prosthetists align the prosthesis using the angles estimated by the models and the
walking test is repeated three times or until the smallest misalignment tolerance is
reached. During the alignment tests, the prosthetists evaluate the gait of the amputee. If
in the last protocol iteration, the models and prosthetists disagree with the prosthetic

alignment, the protocol ends, and a failure is reported.

The Mahavir Kmina artificial limb center provides the prosthetist and the new prostheses
for the volunteers participating in the study. A group of two transfemoral volunteers was
recruited for two days to validate the protocol. The population characteristics were as
follows: the average age of 49.3 (£3.2) years, a weight of 65.8 (+10.3) kg, the height of
166.7 (x7.7) cm, and a body mass index of 23.7 (£3.0). The prosthetists evaluated the
effectiveness of the alignment protocol. The results of the modification of the model can

be observed in Chapter 6.

1.6. Thesis outline.

This thesis is a compendium of 6 articles developed in the framework biomechanics,
prosthetic gait analysis, and prosthetic alignment procedures. This doctoral thesis is part
of the research line in biomechanics, and modeling and simulation of biomedical systems
in the Bioinstrumentation and Clinical Engineering Research Group - GIBIC. The
doctoral student was a beneficiary of the COLCIENCIAS grant-727 of 2015. It also

received support from the University of San Buenaventura Medellin.



Additionally, this work received funding from the following projects:

» Fondo Nacional de Regalias de la Republica de Colombia-Project code Ruta N
139C “Fortalecimiento de plataforma tecnolégica para la formacién
especializada en el area de la salud y el desarrollo de tecnologia biomédica”.

» Fondo Nacional de Regalias de la Republica de Colombia-Project code Ruta N
470C “Sistema integrado para el monitoreo continuo de pacientes en los
ambientes domiciliarios, intrahospitalario y de movilidad para nuevos modelos

de atencién y de mercado”.

The development of this thesis is presented as a compendium of articles that are being
evaluated and submitted to indexed journals in the biomechanics area. Chapters 3 to 6 list

the articles proposed for the journals:

1. Biomechanical variables used during static and dynamic alignment of transfemoral
mechanical prostheses. (Chapter 3.).

2. The effect of prosthetic alignment on the stump's temperature and the ground reaction
force. (Chapter 4.).

3. Evaluation of the prosthesis alignment effects on spatiotemporal, comfort, balance,
and muscle activity information of transfemoral amputees during gait and standing.
(Chapter 4.).

4. Computational protocol to assist the prosthetist during the alignment of transfemoral
prosthesis. (Chapter 6.).

5. Parametric Modeling of Kinetic-Kinematic Polycentric Mechanical Knee. (Chapter

6).



6. Gait parameters identification for the differentiation of neurodegenerative diseases

using classifiers. (Chapter 6).



Chapter 2.

Theoretical background

Understanding the prosthetic alignment procedure and proposing a prosthetic alignment
model involves a set of theoretical knowledge. Figure 2 shows the schematic used to

present the conceptual framework.

Musculoskeletal system Artificial limb Computat.lonal
modelling
Human gait Prosthetic alignment Machine learning

Gait deviations

Figure 2. The generality of the conceptual framework.



2.1. Biomechanics of the human gait.

The bipedal gait involves the activation and synchronization of the musculoskeletal
system to move forward the body’s center of gravity in such a way that the energy
expenditure is minimized [52]. A set of bones, joints, and muscles handle producing the
power necessary to articulate the lower limbs and support the body weight. A brief

explanation of the system that regulates human movement will be presented below.

2.1.1. Musculoskeletal system.

The human lower limbs involve three main joints: the hip, knee, and ankle. The hip joint
transfers the forces and weight of the trunk to the lower limbs. It is a synovial type of ball
joint with three rotational degrees of freedom. This joint can perform 120° flexions, 20°
extensions, 120° adductions, 30° abductions, and internal or external rotations between
30° and 45°, respectively. The femoral head is two-thirds of a solid sphere that inserts into
the acetabulum [53]. Figure 3(a) shows the inclination of the femoral head concerning the

diaphysis (close to 125°).

Figure 3(b) shows the knee which is a synovial joint included by the tibia's proximal end,
the femur's distal end, and the patella. From a mechanical perspective, this joint is a hinge-
type joint with one degree of freedom. The knee can perform 120° flexions and
hyperextension between 5° to 10°. The asymmetry of the femoral condyles produces
flexions and extensions combined with medial-lateral rotations. The knee articulates the
thigh and leg to support and stabilize the human body. The head of the femur has an
inclination angle (0) in relation to the diaphysis. Angles greater than 8 > 125° result in

genu valgum and angles less than 125° produce a genu varum.



The hip joint has three ligaments: on the anterior side, the iliofemoral and pubofemoral

ligaments, and on the posterior side the ischiofemoral ligament. The pelvic walls have a

set of muscles: the internal obturator, piriformis, levator ani, and coccygeus. The internal

obturator laterally rotates the thigh and helps to fit the head of the femur into the

acetabulum. The ligament of the femoral head connects the acetabulum to the femoral

head. The medial collateral ligaments and the tibial collateral ligament connect the femur

with the tibia and fibula, respectively [54].
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Figure 3. Lower torso of the human skeletal system.

To understand the muscular system, we must recognize the characteristics of the human

motor system, which produces movement. The cerebral cortex and the musculoskeletal

system form a feedback loop that controls and adjusts movement. A motor unit is

! Image adapted from [276].

2 Image adapted from [277].



composed of a motor neuron in the spinal cord and muscle fibers. A muscle is formed by

thousands of fibers [55]. The lower limb muscle system is described in Figure 4.
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Figure 4. Muscle information of the lower limbs.

The hip muscles are strong and supportive of locomotion, stability, and posture of human

gait. Muscles are organized according to their location, for instance in the anterior,

3 Image adapted from [278].
4 Image adapted from [279].



medial, and posterior compartments are considered as extensor, adductor, and flexor,
respectively. The thigh walls include three intermuscular septa in anterior, posterior, and
lateral sides. The anterior compartment of the thigh includes the pectineal, iliopsoas,
sartorius, and quadriceps femoris. The pectineus muscle produces adduction and flexion
of the thigh, as well as medial rotation. The iliopsoas is a powerful muscle considered the
main flexor of the thigh; it includes the psoas major and the iliac. These muscles connect
the spine and pelvis to the femur's trochanter. The sartorius is a biarticular muscle,
considered the longest muscle of the body. It produces flexion movements of the hip and
knee joints, abductions of the thigh, and lateral rotations to a lesser extent. The quadriceps
femoris includes four portions, the rectus femoris, vastus lateralis, vastus medialis, and
vastus. It is a biarticular muscle influencing the hip and knee, and it is considered the

main extensor of the lower limb.

The medial compartment is composed of the adductor longus, adductor brevis, adductor
magnus, gracilis, and external obturator. The adductor longus causes adduction of the
thigh. This muscle arises proximally from the body of the pubis below the pubic crest and
inserts on the femur's linea aspera. The adductor brevis helps in the adduction of the
thigh; however, it also flexes it. Raise from the body and lower branch of the pubis and
is inserted in the upper third part of the femur's linea aspera. The adductor magnus flexes
the thigh and the hamstring extends it. The gracilis adducts the thigh flexes the leg and
helps the medial rotation. The muscle originates from the ischium and pubis and inserts
into the trochanteric fossa of the femur. The external obturator is a muscle deeply located,;

produces lateral rotation of the thigh and stabilizes the femur’s head in the acetabulum;



muscle originates on the external obturator membrane and the surrounding hollow of the

pelvis and is inserted on the rear of the greater trochanter.

Muscles such as the biceps femoris, popliteal, semimembranosus, sartorius, gracilis,
semitendinosus, and gastrocnemius take part in knee flexion. Except for the
gastrocnemius, the anterior muscles allow for extension and hyperextension of the knee
during standing. The popliteus and biceps femoris rotate and flex the tibia over the femur.
The knee extensors are grouped into the rectus femoris and the vastus. The Rectus
Femoris is a biarticular muscle that extends the leg and flexes the hip. The vastus medialis,

lateral, and medial rotate the knee.

2.1.2. Human gait cycle.

The gait cycle has two main phases: the stance phase and the swing phase (Figure 5). The
stance phase represents 60% of the gait cycle and during the 40% remaining the swing
phase is performed. The human body weight is supported by one lower limb throughout
the stance phase. The single support is divided mainly into five moments: the heel strike,
the loading response, the midstance, the heel off, and the toe-off. After this, the foot leaves
the ground, and the swing phase begins. The lower limb is brought back in hip extension,
from where it advances forward until it reaches the flexion of the hip and a progressive

extension of the knee until the heel has contact with the ground [56].
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Figure 5. Gait phases and muscle activation during human gait.

The biomechanics of human gait can generalize into a set of specific movements,
however, each person adapts their gait by making their gait patterns unique [57]. Table 1

shows the parameters typically used to assess human locomotion [58].

Spatiotemporal

Kinetics
parameters

Kinematics Muscular activity

Stance duration (s), stride
duration (s), double stance
duration (s), swing duration
(s), swing phase (%), double
stance phase (%), stance
phase (%), double stance
phase (%), cadence
(step/min),  flight speed
(m/s), average speed (m/s),
stride length (m), step length
(m), step width (m), and gait
deviation index [59].

Pelvic obliquity (deg), pelvic
tilt (deg), pelvic rotation
(deg), hip abduction-
adduction (deg), hip rotation
(deg), knee flexion-extension
(deg), hip flexion-extension
(deg), ankle dorsi-
plantarflexion (deg), foot
progression (deg), and gait
profile score (deg) [60].

Ground reaction
forces and moments
on tree components:
vertical,

mediolateral, and
anteroposterior [61].

Timing and the
intensity of muscle
contraction  during
gait cycles [62].

Table 1. Parameters for gait assessment.




2.1.2.1. Spatiotemporal and kinematic parameters of the gait

Spatiotemporal data describe temporal characteristics, distance, and speed of the lower
limbs during walking. The individuality of the foot tread, the rhythm and gait patterns are
studied during the support and swing phases of walking, which allows to find possible
gait disorders of the evaluated subject. Table 1 shows an example of spatiotemporal

parameters.

The kinematic analysis allows the analysis of the angular position and orientation of the
body segments such as the hip, pelvis, knee, and foot during the gait performing. The
spatiotemporal and kinematics parameters provide diagnosis support and therapy
considerations for postural problems, musculoskeletal disorders, and neurological injuries

[63].

The motion analysis systems use reflective markers to calculate spatiotemporal and
kinematics analysis of gait. The Helen Hayes [64] and Davis [65] are protocols for
positioning reflective markers on bony landmarks. The gait patterns for a normal gait
have already been previously found [66]. Figure 6 shows the typical ranges of kinematics

parameters that are usually used to assess human gait.
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Figure 6. Example of kinematic curves for gait analysis.

2.1.2.2. Kinetics parameters of the gait

The forces exerted by the human body during walking are related to the ground reaction
force (GRF). The GRF is the force exerted by the ground on the body. As any reaction
force, this vector has the same magnitude but opposite direction and sense that the force
exerted by the supporting foot on the floor [67]. The GRF vector has three components:
vertical, anteroposterior, and mediolateral (Figure 7). The vertical force explains the

effect of gravitational force on the human body. The anteroposterior shows the



acceleration and deceleration of the body. Finally, the mediolateral component helps to

explain the balance of the human body.
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Figure 7. Curves of ground reaction force components.

The most important force peaks of the vertical component represent the maximum weight

acceptance (Fs), the total support of the total weight in the middle stance (F,), and the



push-off force to start the swing phase (Fy) [68]. The anteroposterior force peaks are the
braking force (F3;) showing a decrease of bodies forward speed. As well as, the propulsive
force (F,) push the center of gravity forward to produce the swing phase [69]. The
mediolateral shape shows the maximum medial force peak (F;) and lateral force (F,) [61],

[70].

2.1.2.3. Muscular activity of the gait.

During an eccentric (lengthening) or concentric (shortening) contact of the muscle,
changes in the activation patterns of motor units can be observed. Likewise, muscle
fatigue can be recognized when the amplitude of the electrical signals produced by the
muscles is progressively increased. Finally, the oxygen availability and energy

metabolism affect the regulating motor unit recruitment firing frequency [55].

Surface electromyography (SEMG) is a particular way of studying the bioelectrical
signals produced on muscles. The muscle activation in healthy subjects has also been
previously found by electromyography (Figure 8), so any perturbation of the activation
sequence or differences of muscular energy could mean a gait deviation [71]. Throughout
the gait cycle, there is concentric and eccentric activation of muscles for the joint the hip,
knee, and foot. Concentric muscle activation of the hip occurs in the initial contact, foot
flat, toe-off, and mid-swing. Eccentric contraction happens during mid-stance, heel-off,
and initial contact. Dorsiflexors contract eccentrically during the initial contact and
eccentrically to control dorsiflexion in the foot flat. During the joint of the knee, the
hamstrings and hip extensors activate concentrically in the initial contact. For the foot flat

gait subphase, the knee extensors work in eccentrical activation. Plantar flexors activate



concentrically during the transition of the middle stance to heel off. From foot flat to mid-
stance, the knee moves into extension, therefore knee extensors work concentrically. The
hamstring contracts eccentrically during the middle stance followed by a concentric
activation in the heel-off transition. From toe-off to mid-swing the dorsiflexors work
concentrically to return the foot to a neutral position. From mid-swing to initial contact,
the dorsiflexors work in isometric activation. Quadriceps works eccentrically from heel-
off to toe-off. From mid-swing to initial contact the hamstrings activate briefly in
eccentric [72].
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Figure 8. Muscle activation sequence of a normal gait [66], [73].



The muscle activation sequence makes it possible to perform gait analysis, muscle load
analysis, and even to find pathophysiological factors. Literature reports frequency
analysis of electromyographic signals makes it possible to recognize muscle activation

and muscle fatigue to assess the normal gait [74].

2.1.3. Gait Deviations.

Human gait abnormalities can be found by quantitative or qualitative techniques. Motion
capture systems, electromyography, inertial and force measurement systems, allow
obtaining specific data on human biomechanics. Furthermore, the observation of gait and
patterns detection can help during disease diagnostics [63], [75]. Hemiplegic gait is
recognized by fixed plantar flexion of the ankle and a knee extension, producing a
circumduction of one lower limb. A lesion of the nervous system could cause this gait
pattern. A diplegic gait is characterized by similar effects to those mentioned above,
affecting both lower limbs, producing a scissoring gait. The foot dorsiflexion, high
steppage gait, and muscle weakness prevail in people diagnosed with neuropathic gait.
Features like tremors, flexed neck, and trunk, short steps, reduced swing of arms, are
found in a parkinsonian gait [76]. Neurological diseases such as Parkinson's, multiple
sclerosis, post-stroke, among others can be detected by observation of muscular activity

during gait [77].

The use of prosthetic devices affect the normal gait of amputees because they learn
strategies to compensate for the new conditions for walking [78]. The observation of
prosthetic gait allows finding characteristic patterns that could suggest gait deviations.

The gait deviations on lower limb amputees include those associated with causes to



specific amputation, the patient, and others to the prosthesis. Muscle contractures,
residual limb pain, muscle weakness, amputation scar, and psychological disorders are
some of the causes associated with the patient [79]. The prosthetic malalignment and the

socket fitting are the cause of most gait deviations due to the prosthesis.

2.2. Amputation.

Amputation is the surgically cutting off a limb from the rest of the body, resulting in a
residual limb, also known as a stump [80]. Various causes produce amputation, but the
most predominant are vascular issues, trauma, tumor lesions, thrombosis, diabetes
mellitus, embolisms, infections, or trophic disorders [81]. Amputation can be divided into
two large groups: upper limb amputation and lower limb amputation; however, lower

limb amputations have a 10 to 1 ratio to their upper counterparts [82].

The amputation is classified according to the amputation height. The upper limb
amputation is divided into amputation of the hand or fingers, disarticulation of the wrist,
amputation of the forearm, elbow, arm, scapula-temporal, and interscapulum-humeral.
The lower limb amputations are divided according to the affected joint. Amputation at
the hip joint is known as hemipelvectomy or disarticulation of the hip; similarly,
amputation through the knee is called knee disarticulation. Amputations above the knee
are also known as transfemoral (TF) amputations. These occurring below the knee are
called transtibial (TT) or below-knee amputations. Below ankle amputations can be

metacarpal, trans metatarsal, tarsal-metatarsal, midtarsal, and transmalleolar.



2.2.1. Transfemoral amputation.

Transfemoral amputation involves the loss of the foot, tibia, fibula, and some biarticular

muscles between the hip and knee, hence the amputation height substantially affects the

residual limb functionality. During the amputation surgery, the thigh is cut between 25

cm and 30 cm from the greater trochanter to the knee [83] or also up to 10 cm above the

joint interline of the knee [84].

The level of amputation must be correctly estimated because less tissue loss will preserve

the balance between the abductors and adductors and the residual limb will have adequate

strength and sensitivity. Figure 9 shows the muscles affected according to the height of

transfemoral amputation; divided into thirds (1/3), that means, upper, middle, and lower

thirds.

Amputation

height Adductor brevis
USSR Jowes Sartorious
Upper third Adductor longus
Middle third Rectus
s et femoris
Lower third

............................. \ A Vastus medialis

Kneecap  Semitendinosus

Peroneus longus

Figure 9. Muscles affected by a transfemoral amputation. 5

5 Image adapted from [279].

Gastrocnemius magnus
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Upper third amputations will produce a short residual limb with less muscle tissue, lower
muscle strength, and a natural tendency for the stump to flex and abduct. Lower third
amputations will produce a stump too long, with increased muscle strength, but tending
to abduction. A good amputation height is at the middle third level because a stump with
the proper tissue and muscle strength is achieved. In addition, the scar location will
influence the socket design, the prosthetic interface, and the amputee’s rehabilitation. For
instance, a poor position of the amputation scar could lead to a new surgery to release

pressure on the tissue [85].

2.2.2. Artificial limbs: transfemoral prosthesis.

Artificial limbs are prosthetic devices performing the functions of a limb with different
efficiency degrees. The device characteristics and prosthetic adaptation help people
during their integration to activities of daily living. Transfemoral prostheses are assistive
technologies for the amputee that fulfill the function of an artificial leg. The basic
components of a transfemoral prosthesis include (1) socket, (2) suspension system, (3)
joint unit (artificial knee), (4) pylon, (5) prosthetic foot, and (6) pyramidal adaptors to
align the prosthesis [86]; Figure 10 helps to recognize prosthetic components. Each of the
elements of the prosthesis fulfills a specific function and is related to the patient's

mobility, confidence, stability, and even comfort [87].
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Figure 10. Mainly components of above-knee prostheses.

2.2.2.1. Prosthetic socket

The socket is a prosthetic component that contains the residual limb, providing structural
integrity to the prosthesis, and acting as an interface between stump and prosthetic device.
The socket is customized according to the residual limb shape, the bony prominences, the
scar location, and the muscle tissue. There are two generalized types of sockets, the ischial
containment, and quadrilateral [88], [89]. Figure 11 shows the inside shape of the sockets.
The ischial containment type uses the ischial tuberosity for bearing amputees’ weight. On
the contrary, the quadrilateral distributes the body weight over the surface of the residual

limb.
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Figure 11. Socket types for transfemoral prosthetic devices.

Sockets are usually built in a single structure and a rigid material such as Nylon,
polypropylene, polyethylene, and carbon fiber; however, research on the socket
continually advances, considering their effects on amputee's gait performance and
comfort [90]-[92]. To provide stability and confidence, there are silicone socks or liners
to improve the adhesion between residual limb and socket [93]. The residual limb is under
constant pressure since it supports body weight, therefore the socket is a common
generator of skin problems in the stump [94], [95]. For instance, authors in [96] analyzed
the ulcers caused by pressure on the residual limb. The electromyography has been used
to identify excessive activation of residual limb muscles suggesting problems associated

with socket pressure [97].

The stump-socket interface is susceptible to changes in temperature which cause
perspiration. The increase in humidity leads to bacteria growth that in the short term,
causes infections on the skin [98]. Thermal cameras have been used to identify hot spots
on the stump, select better materials, define new socket construction techniques, and

increase prosthetic adherence [98], [99].



2.2.2.2. Suspension system

The suspension system holds the prosthesis in place to avoid the pistoning effect. There
are two types of suspension: suction, locking pin, and straps. A valve on the socket is
used to generate negative pressure (suction) and fit the socket over the stump, otherwise,
it will be necessary to use elastic straps to fix the prosthesis to the hips. The locking pin
suction system uses a liner/cushion interface along with a pin; therefore, the stump is
directly fixed to the prosthetic device and avoids movements of the stump and rotation of
the socket. The silicone liners cover the stump and improve comfort and increase the

suction [100].

2.2.2.3. Joint unit: prosthetic knee

The joint unit is a mechanism that fulfills various purposes. For instance, during the stance
phase and on standing, the prosthetic knee must be kept rigid to provide stability. During
the swing phase, when sitting, bending, and kneeling, the joint unit must be able to flex
[101], [102]. Prosthetic knees are essentially classified into two types, mechanical and
computerized or microcontrolled [103]. In addition, features such as friction control,
pneumatic control, hydraulic control, manual knee locking, among others, provide

improvements in amputee stability and movement.

There are two general types of knee mechanisms, the monocentric and the polycentric
[101], [104]. The monocentric (single rotation axis) knee behaves like a hinge, so they
are suitable for children or people learning to walk using prosthetic devices. Polycentric
knees have multiple axes of rotation, generally four. Figure 12 shows an example of a

prosthetic knee with a four-bar mechanism. The link between axes A and B is named the



base a, so it remains blocked as shown in Figure 12(a). A double rocker formed by links
Ato D, and B to C, produce rotations on axis C and D producing the rotation of the knee
as shown in the Figure 12(b). When line formed by links b and c is projected, the
convergence point P(x,y), named the Instantaneous Center of Rotation (CIR) achieve

the maximal value when the flexion is completed Figure 12(c).

(a). Position in extension. (b). Beginning of the flexion. (c). Flexion completed

Figure 12. Four-bar polycentric knee.

The mechanical characteristics of the polyaxial system supply biomechanical versatility,
gait stability, natural walking, and confidence. For instance, the vertical load line of the
prosthesis, during the stance phase, is frontal and proximal to the anatomical line,
meaning that the polycentric knee will not flex. When the swing phase begins, the
prosthetic load line lies behind the anatomical one, causing a knee flexion. In the swing
phase, the knee is flexed, and the prosthetic length is reduced, avoiding stumbling over

obstacles.



2.2.2.4, Prosthetic foot.

The prosthetic foot is the support of the amputee on the floor which provides stability,
dissipates, returns, or directs energy towards the other prosthetic components. The
construction material foot and their performance will depend on the activities that the
amputee carries out daily. For example, the SACH foot (Solid Ankle Cushioned Heel) is
a basic foot built with elastic materials and a non-articulated ankle, suitable for people
with low physical activity. For people with high physical activity is recommended a
prosthetic foot built with stronger materials to provide stability in uneven environments
and shock forces tolerance. High-performance athletes often need thrust force, therefore
prosthetic feet with dynamic responses are recommended. Finally, electronic feet can

adapt to varying ground conditions, providing a more efficient gait for the amputee [105].

The prosthetic foot used in this research was the Jaipur foot (Figure 13). This prosthetic
component is manufactured by Bhagwan Mahaveer Viklang Sahayata Samiti (BMVSS)
in Jaipur, India. The Jaipur foot is a modification of the Solid Ankle Cushioned Heel
(SACH) foot. Jaipur foot is composed of three blocks: the forefoot, heel, and ankle blocks,
which simulate the anatomy of the human foot. The forefoot and heel are made with
sponge rubber, and the ankle block is made of wood. The prosthetic foot is covered with

high density polyethylene.

Wood Shaft

Vulcanized
rubber coating

Rubber core

Figure 13. Jaipur foot cross section.



2.2.2.5. Pyramidal adaptors.

Pyramidal adapters connect the socket with the prosthetic knee and pylon with the
prosthetic foot. Generally, pyramidal adapters are made of steel, aluminum, and titanium.
The male adapter is inserted into the female adapter and four screws secure the joint
(Figure 14). To modify the socket or foot alignment, the four screws are threaded to fix
the position of the female adapter on the male, which produces a rotation of the connected

prosthetic elements in the vertical, longitudinal and lateral axes.

Male
adaptor

Screws Screws

Figure 14. Examples of female and male pyramidal adapters.

2.2.3. Prosthetic alignment procedure.

Prosthesis alignment is the most critical procedure during the prosthetic and post-
prosthetic phases of the amputee patient. There is no physical mechanism to perform
prosthetic alignment, instead prosthetists follow a procedure that consists of three steps:
alignment is divided into three stages: bench alignment, static alignment, and dynamic
alignment. The alignment procedure balances the load line of the prosthesis with the

biomechanical and anatomical lines of the amputee. To achieve this purpose, a



biomechanical analysis, gait observations, and feedback of the patients must be

performed [16].

The bench alignment includes the assembly of the prosthesis, from the most distal to
proximal prosthetic component [106]. After the prosthesis has been assembled, it is
checked that the weight of the prosthesis is completely balanced. Figure 15 shows the
load line of the prosthesis in the side view, which must be anterior to the prosthetic knee
joint line, producing a knee blocking. As well as in the frontal and lateral view, the line

must cross the socket in the middle.

Load line e .E.
Knee line ~ ------
Lateral view Frontal view

Figure 15. Knee line fitting with the prosthetic load line for bench alignment.

The amputee wears the prosthesis during static alignment. Static alignment adjusts the
load lines of the prosthesis to the anatomical lines of the amputee to ensure correct posture
and weight distribution during standing. The load line of the prosthesis is shifted to be
parallel to the anatomical line as is shown in Figure 16 (a). The posture of the patient is
constantly supervised to avoid knee flexions during standing. The lower limbs must be in
similar conditions in adduction or abduction, both knees must be at the same height, the

shoulders and iliac crests must be parallel. The dimensions and rotation of feet must be



similar, the socket midline will be distributed 50% medial and lateral, and the weight

distribution must be at least 35% on the prosthetic side and 65% intact side.

Stance phase Swing phase

i

.4 1 t.
GRF GRF GRF
Anatomical line Loading response Middle support Middle swing Terminal swing
. - Load line ~- Anatomical line Knee flexion line
Load line
*  Hip joint angle **  Angle between the anatomical line and the knee
(a). Static alignment. (b). Dynamic alignment. 6

Figure 16. Sagittal view of the standing and gait of the amputee during the prosthetic alignment procedure.

The dynamic alignment procedure fine-tunes the prosthesis to avoid gait deviations of
amputees. The prosthetist checks the amputee’s gait, to have the shoulders, the iliac crests,
and the sacral foramina at the same height. An example of the sagittal view of this process
is shown in Figure 16 (b). Displacement of the stump in the socket (pistoning) and
excessive knee and foot rotations are avoided. In general, the prosthetist rectifies the
prosthetic alignment to avoid gait deviations. The prosthetist asks the amputee for

information about the comfort of the prosthesis and their perception of gait performance.

A poor alignment triggers deviations in the amputee's gait such as lateral flexion of the

trunk, swinging in abduction, among others [107], leading to health problems such as

® Image adapted from [280].



osteoporosis in the stump, osteoarthritis in the healthy knee and hip joints, pain back,
lordosis, among others. For this reason, static and dynamic alignment during walking is

essential to achieve the adaptation of the patient to his activities of daily life.

Mechanical devices are used to assist the alignment procedure. Manufactures such as
Ottobock and Fillauer have developed sliding adapters to reposition prostheses in the
frontal and sagittal plane, allowing prosthetists to better translate components on the

prosthesis [26], [27].

Electronic devices such as the L.A.S.A.R system (Ottobock, Germany) help the prosthetist
to perform the standing analysis. The static alignment could be assessed by projecting
reference lines on the prosthesis and using load cells to measure the weight distribution
lines. This allows the prosthetist to evaluate the weight distribution over both lower limbs.
Although this tool assists the technician during static alignment, it does not support them
during dynamic alignment. The Europa + system (Orthocare, USA) is an instrument to
perform gait analysis. It uses a load cell to measure vertical forces and moments
developed during standing and walking. This device is integrated into the prosthesis. At
the end of the gait analysis, the device must be removed from the prosthesis, which makes

the evaluation of the alignment complex.

There is prosthetist assistance technology to analyze the standing and the gait
performance. Motion capture systems record spatiotemporal [108] and kinematics
parameters and inertial -systems capture kinetics information for gait analysis [109].
Electromyography and inertial data have been used to predict temporal spatiotemporal

parameters [110]. Synchronization of an optoelectronic system and electromyographic



signals were used to measure the elevation angulation parameters of the prosthetic limb
[111]. The energy cost [112], brain activation signals [113], the stump temperature [98]
have been useful to analyze the gait and comfort measuring. Those kinds of tools could
be used in the alignment procedures of a transfemoral prosthesis to detect prosthesis
length problems, socket in abductions, poor socket support, a prosthetic knee that is too

stiff, limp by pain, discomfort signals, and an unreliable gait [114]-[116].

Regardless of the electronic devices used to analyze gait or standing, the optimal
prosthetic alignment depends on the amputee's own characteristics such as anatomy,
biomechanics, residual limb morphology and degree of adaptation to the prosthesis. For
this reason, fitting centers evaluate prosthetic alignment through dialogue with amputees
and observation of standing and gait. The prosthetist skills to perform the alignment also
affects the quality of the alignment. These phenomena add uncertainty and subjectivity

during the definition of the optimal or nominal alignment.

2.3.  Systems modeling.

A system is an interrelated element set that reacts according to intrinsic rules of behavior
(Figure 17); therefore, the system theory separates between the structure and behavior.
The structure refers to the inner architecture of the system. The behavior alludes to the
response of the system to excitation variables and observable variables called outputs in

a timestamp [117].
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Figure 17. Basic diagram of the system concept.

The structure includes the states and the transition states mechanisms. The structured
knowledge allows recognition of the system behavior over time. The conceptual model
and the operational model are stages to describe a real system. Identifying the descriptor
variables, the interaction of the components, and the scenarios variation, are necessary to
define a conceptual model. The operation model is a computational model that uses

mathematics, physics, and computer science to implement the conceptual model.

Computational power has improved the adaptation of conceptual models to computational

models and has paved the way for systems identification theory and machine learning.

2.3.1. Computational modeling.

Systems identification aims to find a numerical description of the system behavior by the
measurement of input excitations and the effects it produces at the output. To achieve the
identification success, the experimental process must be performed seeking to achieve a
good extraction of the system features. The identification scheme is depicted in Figure
18. Computational models can be used for simulation, prediction, classification, or
controlling systems; therefore, the experimentation protocol will depend on the model
aim [118]. Model validation could produce three situations: the model must be fitted, the
modeling technique does not explain the system, and the experimental test was not

enough.



In this thesis we used the system identification procedure to quantify the effect of
prosthetic alignment on standing and gait in transfemoral amputees. Unsupervised and

supervised machine learning techniques were used for modeling.

Inputs Outputs

Experiments | ® Data .

. System
selection measurement

No, try new technique #

Identification
method

Computational
model

No, try new experiments

Validation

Computational
model

Figure 18. System identification structure.

2.3.2. Machine learning techniques.

Machine learning finds the system behavior by the recognition of the data patterns and
trends. The selection of a suitable algorithm for machine learning will depend on the
model aim, for example, a classification model will be different from a regression model
and in turn to a clustering model. Therefore, the objective of the model must be clearly
defined before carrying out the identification process. The supervised learning aim is to
find system models for the classification and regression of the data. The unsupervised
techniques are used in clustering and dimensionality reduction. Reinforcement learning

is based on rewarding desired behaviors and punishing unwanted ones [119].

The supervised classification techniques assign test data to specific labels or previously

known categories. The most common classification methods include Logistic Regression,



Naive Bayes, Decision Trees, the K-nearest Neighbor, and Support Vector Machine. The
supervised regression techniques predict continuous variables. Regression techniques
include, among others, Gaussian Regression, Neural Networks, Support Vector

Regression [120].

The dataset in unsupervised machine learning is not labeled and categorized, so its
attributes are unknown; therefore, the model automatically finds the hidden patterns of
the data. This algorithm can be divided into clustering and association. During clustering,
objects are grouped into clusters according to the similarity between characteristics of the
commonalities. Common unsupervised algorithm techniques are K-means Clustering, K-
nearest Neighbors (KNN), Neural Networks, Singular Value Decomposition, and Factor

Analysis [121].

In this doctoral thesis, the unsupervised learning technique K-means was used to identify
the residual limb hot spots during walking trials of amputees wearing a correctly aligned
or misaligned prosthesis. The Factor Analysis technique was used to reduce the
parameters of the anterior, posterior, and lateral sides of the stump's thermography. The
Vector Support Machines were used to classify the prosthetic alignment between nominal
and misaligned, by using the dataset of the Ground Reaction Force of the prosthetic limb.
Furthermore, a regression model with Neural Networks was identified to calculate the
prosthetic misalignment angles in the socket and the foot from the dataset of Ground

Reaction Force of the prosthetic limb.



2.3.2.1.  K-means clustering method.

The k-means partitions a dataset in k clusters according to the mean distance separation
of the commonalities. The clustering is achieved when the distance between objects is
minimized; therefore, there are different distance functions to measure the separation
between clusters. The k-means algorithm is summarized in three steps: (1) defining the

number of centroids, (2) assigning objects to the centroid, and (3) updating the centroids.

The k-means algorithm optimization problem repeats (2) and (3) until the centroids move
below a threshold distance. The minimization function is the sum of the quadratic
distances of each group from the centroid of its cluster (eq. 2.1), where S is a vector

containing x; attributes. There are k clusters with a p, centroid.

k
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The definition of the number of centroids is a complex process since there is no prior
knowledge of the grouping of the data. Therefore, methods such as Calinski-Harabasz
[122] and Davies-Bouldin [123] help to find the clustering efficiency and to select an

appropriate number of centroids.

The Calinski-Harabasz score is the relation between the mean inter-cluster variation and
the intra-cluster variation for all clusters (eq. 2.2). Where nj is the size of the dataset
clustered into k clusters. Trace function t,.() is calculated for the inter-cluster variation
matrix W, solved in equation 2.3. and the intra-cluster variation matrix B, in equation
2.4. Variable x is a gth cluster centroid c,. The mean of the dataset is named u and n, is

the number of elements in the gth cluster.
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The Davies-Bouldin index is shown in equation 2.5. This metric explains the similarity
between clusters by comparing the clusters’ distance between them and their size. Where,

a4 Is the mean distance between the qgth cluster and their cluster centroid. The mean

distance of the jth cluster and their centroid is named as o;.
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The smallest value of the DB index and the highest value of the Calinski-Harabasz score
means a compact cluster with sufficiently separated centroids. Hence, the clustering

exercise is reduced to minimizing these indexes.
2.3.2.2.  Factor Analysis.

Factor analysis is a multivariate statistical technique to describe the relationship between
variables or factors observed in a dataset. The resulting equation will relate the highly
correlated variables to each other; therefore, the resultant factor number will be smaller

than the original ones [124].

Consider an observable variable k with a mean (u), covariance matrix (), and contained

in a randomly sampled data set. Variable k can be expressed as a linear combination (eq
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The resultant factor analysis in (eq. 2.7)
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The resulting common factors (f;) will be less than the number of original variables (Y;).
Values of d;; represent the contribution level of each factor. Factors f3, f5, -+, f,, are not

correlated with zero mean and unit variance.

2.3.2.3.  Neural Networks.

A neural network system (NN) refers to an artificial neural network interconnected by
nodes that simulate the human brain's behavior. Typically, neural networks are defined
under four parameters: (1) the type of neuron, (2) the archetype of the connection, (3) the

learning algorithm, and (4) the recall algorithm.

The combination of NN and fuzzy logic proposes one of the types of neurons or nodes in
which NN graphs. The neuro-fuzzy network uses a set of fuzzy rules for the learning
method, the weights estimation, and the activation functions [125]. The perceptron is a
linear binary qualifier, so it is used in both supervised and unsupervised learning. The
perceptron is conceptualized in 4 elements: an input layer, a set of weights and biases, a
network of sums, and an activation function [126]. The connection architecture is related

to the way the neural network is organized, its topology, and the internal interconnections.



The auto-associative, hetero-associative, feedforward, and backpropagation architectures
are the most recognized [127]. The learning algorithms can be supervised, unsupervised,
and reinforced [128], [129]. The retrieval function refers to the knowledge extracted by

the neural network.
2.3.2.4.  Multilayer Neural Networks.

The architecture of a feedforward multilayer perceptron with backpropagation error is
presented in Figure 19. The mathematical representation is presented in Eq. 2.8. This
technique uses layers (g;) to describe the neuron interconnection and a set of weights
(w;) is defined to represent the interconnection strength between neurons. Each node uses
an activation function (f); usually being the sigmoid function. The neural network
learning is achieved when a cost function (eq. 2.9) is minimized. Parameter w denotes
weights, b is the bias, N is the training examples, a is the activation output vector

produced by each input x, and y is the target output.
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The purpose of this topology is to find a weight matrix that explains the interactions
between neural network layers. The weight matrix is iteratively fitted until the prediction
error between the estimated and real output is minimized. Backpropagation is an iterative
process that minimizes the root mean square error between the predicted output and the
actual value. The algorithm for backpropagation network training implies the weights

initialization and activation function (e.g. the logistic function), calculation of hidden



layer outputs, computation of output layer outputs, the output error calculating, the weight

fitting of the output and hidden layers, and repeating the procedure until to minimize a

cost function [130].
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Figure 19. Structure of a feed-forward multilayer neural network.

Overfitting and underfitting are typical problems of NN. Overfitting occurs when the
model follows noisy data, and the order is increased to achieve a better fitting, therefore,
the resulting neural network learns local data behavior but cannot explain added
information. A neural network underfitting does not properly explain the problem and the
estimated output does not follow the targets [131]. Model simplifying, early stopping,

regularization using, and dropout are techniques to avoid the overfitting error.

2.3.2.5. Bayesian Regularization Neural Networks.

Overfitting is an unavoidable problem without regularization, especially when the

observations in the dataset training are less than the parameters to be estimated [132]. The



algorithm proposes the minimization of an objective function (eg. 2.10), considering a
mean squared error function (eq. 2.11) and a weight attenuation function (eq. 2.12). The
a and f are distribution control hyper-parameters. VValue of w; are the ith weight of neural
network and m is the number of weights. N is the total number of the input-output sets;

finally, the ith output is named as y;.
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The weight initialization is randomly set. Iterations of the density function (eq. 2.13)
update the weight values according to Bayer’s rule. In other words, equation 2.13 is the
rate between likelihood multiplying prior and the evidence. M is the architecture of the
neural network. P(w|a, M) is the prior knowledge of the weights. P(D|w, B, M) is the
likelihood function of the data occurrence given the weight w. P(D|a,B, M) is a

normalization factor calculated by equation 2.13.

P(D|w,B,M).P(W|a,M)

PWwID,a,p, M) = ——

(2.12)

P(D|a,B, M) = fOOP(D|a,B, M)P(w|a, M)dw (2.13)

Assuming a Gaussian distribution for the noise in the weight and training dataset, the

probability densities P(D|a, 8, M) and P(w|a, M) are calculated by equations 2.14 and

2.15.
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Using equations 2.13 to 2.15 in 2.12, the density function to update the weight values is
transformed in 2.16. The maximization of 2.16 means minimizing regularization

objective function [133], [134].

Pw|D,a, B, M) = (=F ) (2.16)
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The iteratively synaptic updating is calculated with equation 2.17. The error vector is
labeled as e = [ey, e, ..., ey ]. The number of iterations is labeled as k and u is an iterative
damping parameter. The variable J means the Jacobian matrix (eg. 2.18) and the Hessian

matrix is denoted by H = [J7]].
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2.3.2.6.  Vector Support Machine.

The support vector machines (SVM) are supervised algorithms used in regression and
classification modeling. It is a technique based on the statistical learning theory proposed
by Cortes & Vapnik [135]. To understand the operation of the Support Vector Regression,

please refer to [136].

The purpose of SVM is to find a plane to separate a dataset into groups known a priori,

maximizing the distance (margin) between the values closest to the plane, called support



vectors. Figure 20 shows a two-dimensional data set; however, the group’s separation is
becoming increasingly difficult when the dataset size increases; therefore, hyperplanes

are used to represent an n-dimensional plane [137].

Support vectors

Class 2

Figure 20. Decision boundary hyperplane of Support Vector Machines linearly separable.

A linearly separable data set can be represented as shown in equation 2.19, which is
typically named as hard margin SVM. The training dataset is the vector x =
[x0, X1, ..., X, |, the bias is labeled as b, the categories as y; and the weighted vector is w.
The dataset is linearly separable if there exists a pair w, b such that the inequality 2.20 is
satisfied. Thus, the solution is achieved when the objective function J(w) = 1/2 ||w]|? is
minimized. The Lagrangian function is used to minimize or maximize the objective
function augmented (eq. 2.21). Parameters w and b are renowned as primal variables, and
A; are the Lagrange multipliers [138].

f)=wlx+b (2.19)
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The most common is to find a dataset not completely separable; therefore, data appears
inside the hyperplane, so a non-negative slack parameter (¢ > 0) and a cost value C are
introduced in the objective function of the SVM (eq. 2.21) for N pairs input-output; this
case is typically named soft margin SVM [139]. The new optimization problem is shown

in equation 2.22 and transformation 2.23.

1 N
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Values of ¢; = 0 in 2.22 mean that input parameters were correctly classified and when
& > 0 suggests data wrongly classified. The variable xi is associated with an index to
measure the classification error. Therefore, the problem of finding the best hyperplane is

reduced to the solution of 2.23 constrained to 2.24.
1 N
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The Kernel method is used when the soft SMV problem cannot be solved because it can
not find a hyperplane that minimizes the number of unclassified data. The kernel
transforms the input data to a higher-dimensional space, in which data is linearly
separable [140]. This method is remarkably interesting because the computational burden

of the data oversizing is less than solving a nonlinear surface, which makes this algorithm



efficient. The kernel satisfied the Mercer’s theorem (eq. 2.25), where ¢ (x;) is a function

belongs to Hilbert space to project x; to a high-dimensional space [141].
K(x:,%) = ¢p(x)p(x)) (2.25)

The most popular kernel is the Gaussian radial basis function (2.26). The solution of
equation 2.27 will allow finding the hyperplane of separation between classes subject to

YK Ay =0for0<a; <C.

llx—u||?
K(x,x) = e<‘ o) (2.26)
N N N
1
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2.3.2.7.  Validation methods for computational models.

The K-Fold cross-validation is a common method to train and assess computational
models. The algorithm randomly divides the dataset into k groups of similar sizes. The
training process uses k-1 groups, and the remaining group is used for validation. This
procedure is repeated k times and a different validation group is chosen. At the end of the
algorithm, k error values and performances would be calculated and this information is

used to select the final model [142].

Confusion matrices are a strategy for evaluating the performance of supervised
classification algorithms. The row of the matrix means the true class and columns show
the predicted class. The positions of each matrix report the number or percentage of false

positives or true positives. This helps evaluate classification models [142]. The receiver



operating characteristic curve (ROC) shows the classification model performance using

the information of false positive and true positive rates [143].



Chapter 3.

Biomechanical variables used during static and dynamic

alignment of transfemoral mechanical prostheses.

Contribution to Ph.D. research: The purpose of this chapter is to present the fulfillment
of the first, second, and third specific objective of the Ph.D. thesis "To identify the set of
biomechanical variables that characterize the static and dynamic alignment of
transfemoral mechanical prostheses”, “To propose a qualitative and quantitative
measurement method for the biomechanical variables set that are characteristics in the

static and dynamic alignment of transfemoral mechanical prostheses”, and “To design a



protocol for patients’ selection and the biomechanical variables record of the amputee

and the prosthesis, during the static and dynamic alignment procedure”.

The literature review presented in this chapter made it possible to find the parameters,
measurement systems, and characteristics of the alignment experiments that should be
used in the protocol for recording and evaluating the prosthetic gait of amputees during
alignment variations. The literature review showed a lag in the alignment studies in
transfemoral amputation compared to transtibial amputation and allowed to confirm the
subjectivity of the alignment procedures. The findings described in this chapter were
analyzed in cooperation with Dr. J Jan Andrysek, senior scientist at the Bloorview
Research Institute, Holland Bloorview Kids Rehabilitation Hospital, Toronto, ON,
Canada. This chapter has one supporting appendix. Refers to Appendix RP for more
information about the protocol for selection of volunteers, biomechanical variables
recording of the amputee and the prosthesis, and qualitative and quantitative measurement
methods for the biomechanical variables. Refers to Appendix IC to observe informed

consent.
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3.1. Abstract.

Background: Prosthetic alignment plays a key role in the rehabilitation and patient

outcomes of individuals with lower-limb loss.

Obijective: The goal of this chapter was to systematically review the state-of-the-science
related to prosthetic alignment research, and specifically to find the primary outcomes
associated with prosthetic alignment as well as considerations for the implementation of

alignment procedures.

Study design: Systematic review.

Methods: The reviewing process was conducted following the PRISMA methodology.
Data from papers were extracted and categorized based on population attributes, used
outcome measures and metrics, alignment procedure characteristics, and the effects of
prosthetic alignment on rehabilitation outcomes. The quality of the papers was assessed

using thirteen predetermined criteria.

Results: The literature review showed a lag in the alignment studies in transfemoral
amputation compared to transtibial amputation and allowed to confirm the subjectivity of
the alignment procedures. Changes in socket reaction moment, ground reaction force,
socket-stump interface pressure, spatiotemporal data, and patient comfort were typically
affected by socket and foot angulations and translations. Considerations in alignment
research were mainly directed towards the ambulation method, footwear use,

accommodation time, and the number of trials.



Conclusion: Existing literature provides somewhat limited information about the
considerations and outcomes of alignment procedures. The evidence is not of high-quality

and primarily relates to individuals with transtibial amputation.

3.2. Introduction.

Lower-limb amputations (LLA) account for 85% of all significant limb amputations
[144], [145]. Transtibial (TT) and transfemoral (TF) amputations are the most common
LLAs [146], [147]. Prostheses are most used to restore the mobility of individuals with
lower-limb amputations. Most individuals with LLA face challenges such as stump pain
[148], osteoarthritis, osteopenia, osteoporosis, and low back pain [107]. These may be
related to abnormal movement, and loading patterns during gait typically referred to as

gait deviations [78], [149].

To achieve an amputee's comfortable and natural gait, the prosthesis must be correctly
aligned relative to the anatomy of the musculoskeletal system [20]. The procedure is
divided into three stages [150]. Bench alignment is focused on balancing the load lines of
the prosthesis. Static alignment is focused on optimizing the distribution of weight over
the sound limb and the prosthesis to improve balance during standing. Dynamic alignment
is conducted during walking and targets the minimization of gait deviations. Prosthetic
alignment, which typically includes these three stages, is a critical and iterative procedure
that is highly dependent on the skills of the prosthetist [151]; therefore, a plurality of
methods have been proposed to improve upon this procedure. Several examples of these

methods include: an axis system to set the socket alignment position and orientation



allowing the assessment of the significance and repeatability of an optimal alignment
[152], prior alignment techniques such as anatomically based-alignment (ABA) standing,
ABA supine, and the vertical alignment axis (VAA) to reduce the time and skills to
perform alignment [153], and the dynamic alignment procedure optimization using gait

parameters, socket geometry, and information of the artificial leg components [154].

The most significant risk for a patient using a misaligned prosthesis is gait deviations or
abnormal gait patterns. These include gait, and biomechanical anomalies such us such as
vaulting, circumduction, drop off, medial/lateral whip, and lateral trunk bending [24],
[155], some alterations in plantar foot pressures [156], asymmetries in step length [157],
changes in the stump pressure [158], standing balance deviations [159], a moderate
asymmetry between spatiotemporal gait parameters of lower limbs [160], [161]. Gait
deviations are associated with pain and long-term musculoskeletal problems, increased
energy consumption [36], as well as user dissatisfaction [162] and the need for continuous

visitations to prosthetics centers for prosthesis adjustments [16].

It is crucial to develop an understanding of the variables that can be used to find clinically
acceptable prosthetic alignments. Several systematic reviews have compiled such
information [163]-[166]. However, these former studies do not specifically outline the
considerations for achieving prosthetic alignments towards optimized patient outcomes.
Additionally, the focus of these prior reviews is primarily on transtibial amputations, and
other levels of amputation are not addressed. Furthermore, the previous reviews do not
explicitly explore important factors such as ambulation methods, type of footwear,
population attributes, accommodation time to a new alignment condition, the prosthetic

elements, among others, in the alignment procedure. In this paper, a meticulous analysis



of literature was performed to highlight the factors related to prosthetic alignment, patient
and the prosthesis, aspects of prosthetic alignment testing, and the influences on amputee
performance. This systematic review aims to inform clinical practices and research

relating to the alignment of lower-limb prostheses.

3.3.  Methods.

The search strategy for this systematic review was focused on papers dated between 2000
and 2020, for considering most new dynamic alignment techniques. Databases explored
were IEEE, Scopus, and PubMed. A. M. C. and J. U. perform the papers searching

following the strategy depicted in Table 2.

Database Search Strategy

IEEE Alignment AND Prosthesis AND Amputee

TITLE-ABS-KEY (alignment) AND TITLE-ABS-KEY (prosthesis OR prosthetic
Scopus OR amputee OR amputees) AND TITLE-ABS-KEY (transtibial OR trans-tibial OR
transfemoral OR trans-femoral) AND PUBYEAR > 2000 AND PUBYEAR < 2020

((Alignment[Title/Abstract] AND (Amputee[Title/Abstract] OR
Amputees[Title/Abstract])) AND (Prosthesis[Title/Abstract] OR
PubMed prosthetic[Title/Abstract])) AND  (transtibial[Title/Abstract] OR  trans-

tibial[ Title/Abstract] OR transfemoral[Title/Abstract] OR trans-
femoral[Title/Abstract]) AND ("2000"[PDAT]: "2020"[PDAT])

Table 2. Information about the electronic literature search.



The eligibility criteria were full papers written in English and studies focused on TF or
TT dynamic prosthesis alignment. All articles were analyzed by using the Preferred

Reporting Items for Systematic and Meta-Analyses — PRISMA checklist [38].

The quantitative synthesis of papers includes extraction and categorization of information
following 1) population attributes, 2) alignment procedure characteristics, and 3) effects
of prosthetic alignment on amputee performance. The first one includes information about
the population sampled, prosthetic groups, sociodemographic characteristics, details of
amputation, or residual limb information. In the next topic were described standard
requirements during prosthetic alignment experimentation and typical magnitudes and
orientations of the prosthesis in the study of alignment. The last one represents the effects

of prosthetic alignment on amputee performance.

The quality assessment of articles was performed using 13 criteria [39]: The population
information (M1) composed by the inclusion and exclusion criteria (Q1),
sociodemographic information (Q2), amputation information (Q3), prosthetic elements
used (Q4); the intervention and assessment procedures (M2) divided in the alignment
variation experiments (Q5), number of prosthetic element links aligned (Q6), years using
a prosthesis (Q7), and reported accommodation time (Q8); the methodological procedures
(M3) composed by the information about alignment experiment procedure (Q9),
randomization of alignment variations (Q10), and participant blinding during alignment
test (Q11); finally the evaluation of article results (M4) divided by study limitation

description (Q12), and statistical tests description (Q13).



Each condition Q could take two values, zero for requirements not satisfied or one in the
opposite case, excepting Qs, which could take three states: zero, one, or two variations of
prosthetic adaptor links. The quality level of the studies is divided among A, B, and C,
and the scores were calculated by following a similar procedure to the suggested by Van
der Linde et al. [40]. Index A would represent studies with a total score higher than 11
having fulfilled the criteria Qz, Qs, Qs, and Q1o. Index B corresponds to an overall rating
greater than or equal to six and less or equal than eleven, and a positive Q1, Qs, Q1o

criteria. Finally, index C shows papers with a total score of less than six.

3.4. Results.

A total of 176 papers were extracted from databases using the search strategy, distributed
as follows: 115 from Scopus, 47 from PubMed, and 14 articles from IEEE database.

Figure 21 shows the PRISMA flow diagram developed for the information assessment.

Papers [167], [168] were grouped in the A-level (5.3%) with a quality mean value of
11.5(%0.7), B-level clustered 21.1% of articles [169]-[176] with 8.1(%0.8), and finally the
73.7% of documents [33], [36], [183]-[192], [157], [193]-[200], [160], [177]-[182] were
grouped in C-level having a quality of 6.0(x2.5). Quality parameters as test blinding
(patient) and randomization of alignment variations were critical criteria, explaining in a

considerable extent the small number of articles classified in A-level.



Figure 21. The flow of information followed on the systematic review using the PRISMA method.

The prosthetic misalignment topic have been commonly reported in the Prosthetics and
Orthotics International Journal [157], [160], [169], [181], [189], [191], [192], Journal of
Biomechanics [172], [182], [184], [194], [198], Gait & Posture [36], [171], [173], [178],

and Clinical Biomechanics [177], [195], [197].

3.4.1. Population attributes.

Transtibial amputees (TTA) were mentioned in 86.8% of articles, transfemoral amputees
(TFA) in 15.8%, and a non-amputee control group (NAC) in 7.9% of papers. The quality
of documents focused on TF was mainly in C significantly lower than the TTA. Not all
articles fully disclosed sociodemographic data. Most reports showed sociodemographic
data (age, height, weight, and gender), but no significant relationships were observed
between the parameters; however, even though 44.7% of papers recruited both genders,
being just 14.9% females and among these, only 11.1% were TF, indicating a disparity in
results. The amputation etiology was mostly trauma. The mean value of time using
prosthesis was 8.6+7.3 years; nevertheless, in most cases, this value was not announced
explicitly; instead, they reported times greater than one, three, or five years. The time

since the amputation was typically 14.4(x4.5) years.

3.4.2. Characteristics of the alignment procedure.

The information of the alignment procedure was grouped into three categories:
standard requirements during prosthetic alignment experimentation, typical magnitudes
or orientations of prosthetic elements, and the gait alterations by prosthetic alignment

variations.



3.4.2.1. Thestandard requirements during the prosthetic alignment experiments.

The research in prosthetic alignment demands long and strenuous work sessions;
therefore, the definition of minimum requirements of alignment changes, accommodation
time, and resting time will facilitate the interaction with the patient. 42.1% of papers
declared less than four alignment changes, 13.2% informed a range between five and ten,
and 44.7% did not report data. The accommodation time of the patient to a new alignment
condition was less than ten minutes for 26.3% of papers, 15.8% said between ten and
thirty minutes, and 57.9% did not announce. Few documents inform resting times for
patients to recover after each alignment, for instance, in [160] and [36] reported 20 and

30 minutes respectively, and in [167], [169] reported it but they did not indicate the value.

The alignment effect was tested during walking except on [33] the test was done during
the standing (static alignment). Walking was done overground and on treadmills. The
treadmill was primarily utilized for controlling the gait speed [36], [167], [193], [199].
Most of the papers used walkways lengths between 10 m and 15 m. Papers [185]-[187]
adopted the number of steps instead of distance to describe the walking length, for

instance, 6, 8, and 15 steps.

The use of footwear affects gait performance [201]-[203]. Only 36.8% of papers supplied
information on footwear, of which in 85.7% participants wore shoes and in 14.3% were
barefoot. However, articles did not analyze the effect of wearing shoes in the alignment
procedure. The 86.8% of papers revealed information about the type of prosthetic foot,
knee joint, suspension, or the socket shape used. In some articles the alignment was tested

with patients wearing the same type of prosthesis [33], [160], [177], [179], [180], [183],



[185], [186], [188], [191], [197], [198], [167]-[170], [172], [173], [175], [176], and in
papers [36], [171], [194], [195], [200], [178], [181], [182], [184], [187], [189], [190],
[192] the prosthetic element was different between patients; however, none described the
relationship between the prosthetic component differences and the alignment variations

on the patients' performance.

During the prosthesis alignment, one of the most critical concerns is the comfort of the
patient; however, the subjective perception of prosthetic performance and comfort was
considered only in the minority of studies [36], [160], [167], [168], [174], [178], [181],
[184], [186], [187] using instruments such as the prosthetic socket fit comfort score,
questionnaire PLUS-M, the Prosthesis Alignment Perception Instrument (PAPI), and

some other custom SUrveys.

3.4.2.2.  The typical alignment variations during the prosthetic fit.

Alignment variation was considered as any positional or angular change of prosthetic
elements for the fitting of lower limb prostheses. Alignment changes included angulations
(51.1%), translations (40.0%), and rotations (11.1%). Nearly half of all papers (44.7%)
performed at least three alignment changes, 28.9% between four and ten changes, and

13.2% more than ten alignment changes.

The alignment changes were mainly tested in random order [36], [160], [175]-[178],
[181], [182], [184], [186], [188], [189], [167], [192], [194], [195], [197], [198], [168]-
[174], but in [157], [183], [185], [187], [191] were predefined, and study [36] used both.
Papers [160], [167], [192], [168], [174], [175], [177], [185]-[188] additionally blinded

the test, making the amputees unaware of the alignment change. The randomness and



blinding of the alignment tests were considered as a quality indicator and a means of
avoiding bias in comfort survey responses as well as the potential for voluntary

adjustments of gait.

The movement of socket and foot was performed about the socket / (knee or shank) and
the shank/foot pyramidal adaptor, respectively. Only one paper [170] informed changes

in both locations at the same time, which led to longer testing times for each participant.

Translations of the socket and foot in anterior or posterior directions were studied in
47.4% of articles, for lateral or medial in 34.2%, and in 5.3% performed shortening or
lengthening of the prosthesis. Typical abduction/adduction socket angulation of TF
prostheses was 4.5(x2.1) ° and around 1.8(x0.4) cm for anterior/posterior translation
movements. Paper [182] tested 6° in flexion/extension and 1.5 cm in lateral/medial. The
prosthetic foot of TF was shifted mainly 1.7(x0.6)cm in anterior/posterior direction, but
in studies [36] and [179] included a 0.5 cm lateral/medial movement and an angulation

of 10° in dorsiflexion/plantarflexion, respectively.

The alignment of the socket in TT prostheses included angulations of 5.3(x2.9)° in
flexion/extension and 4.4(£2.2)° in abduction/adduction. Additionally, paper [189]
reported 2.0(£1.4) cm lengthening and shortening of the TT prosthesis. The prosthetic
foot of TT prosthesis was angulated 6.4(x£3.5)° in dorsiflexion/plantarflexion, rotated
internally and externally in 13.5(x12.0)°, translations of 1.3(£1.2) cm in anterior/posterior
and 2.5(x1.4) cm in lateral/medial, and [170] reported a 6.0° movement in

inversion/eversion.



3.4.3. Amputee performance alteration by prosthetic alignment variations.

Variations in the prosthetic alignment produced changes of socket reaction moment
(SRM) of TT amputees. Angulation of 2.0° socket extensions produced changes of
maximums SRM [195], a similar result happens in [197] for a maximum sagittal moment
for 6.0° of flexion compared to 6.0° of extension. Extension movements of 3.0° or 6.0°
of the socket have produced variations in 30% of stance phase [172]. In [173] was
reported SRM alterations for 3.0° in flexion/extension and abduction/adduction, and 0.5
cm in anterior/posterior and lateral/medial translational movements. Alterations of SRM
were observed for angulations of 6.0° in extension and flexion during the alignment tests

of TF amputees [182].

Generally, angulations and translational alignment changes of TT prostheses in coronal
and sagittal planes resulted in variations of SRM [169], [194], [197], [198]; however, the
results for TF amputees were not found to be significant. Movements in the sagittal plane
of foot produced changes in horizontal and vertical ground reaction force (GRF) for TT
amputees [200]. Authors in [180] showed that foot dorsiflexion and plantarflexion
alignment variations increased the GRF, and other external moments on the hip and knee
of TTA, affecting the normal movement of the knee during walking and increasing
external loads on knee ligaments. Likewise, TF amputees recruited in [167] increased
their hip extension moment during the early-stance phase as a strategy for keeping knee
joint stability for shifts of 2.0 cm of the socket in an anterior/posterior direction. When
the foot was perturbed in varus, valgus, or external rotations, the GRF in the mediolateral
direction and the ankle moment in the coronal plane during terminal stance exhibited

changes in GRF [189].



The distribution of pressure of the socket-stump interface in TT amputees was commonly
affected by 1 cm socket translation alignment changes in coronal and sagittal planes
[175], even using different types of socket. An increase of pressure on the anterodistal
stump area was found for 6.0° socket flexion, while an extension of 6.0° in socket

extension produced a significant reduction in pressure at this site [168].

Different articles reported significant changes in some spatiotemporal parameters such as
stance phase duration and single support duration in intact limbs for 5.0°, 6.0°, and 10.0°
internal/external foot rotations [178], [184]. Likewise, article [191] found that an
excessive external rotation (10.0° and 36.0°) produced variations in stance and swing
times and step length. The symmetry of the step length was affected by movements of

2.0° of the foot in plantarflexion [157].

Alignment variations produced a significant decrease in the comfort [176], [191],
highlighting changes of 6° in internal foot rotation [184], and alterations of 3.0° and 6.0°
of socket abduction/adduction and flexion/extension [186]. Even though the patient’s
comfort is a meaningful parameter, the articles did not deepen the analysis of participants'

satisfaction.

The use of EMG for studying gait during prosthetic alignment was infrequent [177],
[180]. The most symbolic effect was produced by movements of 6° in flexion/extension
of the socket, supplying a 50% hamstring muscle force increase and 20% more in rectus

femoris and vasti for TT participants.

The balance of TTA was affected by flexion/extension perturbations of socket alignment

perturbations [33]; correspondingly on [179], it was revealed a lateral center of pressure



displacement by foot adduction variations. TTA voluntarily decreased the anterior
inclination of their body, generating stabilization mechanisms for adapting to alignment
changes of the foot in dorsiflexion, plantar flexion, and prosthesis lengthening or

shortening [183].

For TT participants, the plantar foot pressure distribution was notably affected by
rotations in sagittal and coronal planes of socket and foot simultaneously, producing shifts
of the center of pressure [170]. The TFA during coronal translational variations shows an
increase in burning calories and average heart rate, and intact/prosthetic limb symmetry
[193]. Another article [36] found no significant variations of oxygen consumption for
TTA and TFA during anterior/posterior shifts (2.0 cm) of the knee. Authors in [157]
showed few gait asymmetry influence due to the alignment variations, finding only a

small difference in the step length by making variations of 2.0° in foot plantar-flexion.

3.5. Discussion.

The alignment research outcomes were discussed according to the population
characteristics, experimentation procedures, and the amputees' alignment effects reported

on papers.

3.5.1. Population attributes.

High prevalence in studies on prosthesis alignment of TTA was clear, having a 5.5 higher
occurrence than TFA. The quality A or B of papers were mainly focused on TTA,

therefore, more information on the effects in TF prosthetic alignment is still needed. The



preference of TTA researchers is likely due to the higher prevalence of TT amputation

compared to the TF as it has been revealed in other studies [204], [205].

The use of a non-amputee control group (NAC) was not frequent and did not influence
the quality of the articles. Typically, it was employed as a biomechanical reference;
therefore, it does not appear imperative to include a control group. The definition of the
sample size of TFA or TTA groups was not uniform because the values varied between 1
and 15 people. For gender, the set of females was considerably low; therefore, further

quality research relating to gender and alignment are needed.

Typically, the papers reported that participants had more than six months of acclimation
to wearing lower limb prosthesis or since the amputation. Considering that gait skills are
related to the duration of prostheses use [206], there exists a potential gap in knowledge

about prosthetic alignment for new amputees.

3.5.2. Alignment procedure characteristics.

Articles analyzed in this review preferred the over ground walking compared with the use
of treadmills. Considering the ambulation method affects the kinetic or kinematics of the
gait [207], [208], it is necessary to research the effects of the ambulation alternatives or

the terrain shape, in the alignment studies.

The literature generally did not define the accommodation time to a new alignment
condition; however, their definition could be related to the training time for wearing a
new prosthesis. According to [206], [209], [210] an amputee takes between 5 and 300

minutes to learn how to use a lower-limb prosthetic device. Considering that the amputees



adopted stabilization mechanisms for adapting to prosthetic alignment changes, a long
accommodation time could affect the accuracy of alignment procedures; therefore, a

specific study to estimate this time is needed.

The number of trials and the number of alignment variations increase the total duration
of the alignment’s experiments. Prolonged tests might induce physical and mental fatigue,
frustration, and possible rejection to perform the tests, likely resulting in bias on the
feeling of comfort for an alignment condition given. Specifically, the fatigue parameter
was not included in any alignment study; therefore, future studies should address this
question by adding the fatigue as a parameter of interest. Additionally, periods for patient

resting should be included to minimize or control for these effects.

The articles reported a preference toward shod gait [160], [170], [178], [183], [184],
[188], [192] instead of barefoot walking [171]. The effects of using footwear or wearing
different kinds of shoes during alignment procedures is not clear and needs to be further
researched. The prosthetic components are fitted based on amputees’ requirements and
it's not something controllable during alignment tests. The relationship between the
prosthetic device capabilities and the gait performance is well-known [115], [211]-[213];
therefore, including different types of prosthetic components in the alignment procedure
would allow differentiating between the influence of the prosthetic alignment and the

prostheses components on the amputee's performance.

Considering dynamic alignment procedure implies fittings of the socket, knee, and foot
positions or angles, it is clear a lack of quality articles assessing alignment procedure

including translational, rotational, and angulation movements of all prosthetic elements.



The review evidenced a lack of information in TTA outcomes for variations of the foot
in internal/external, inversion/eversion, and translation movements. Likewise, knowledge
of the alignment effects for socket movements in anterior/posterior, internal/external
rotations, medial/lateral, and length variations are still insufficient. For the TFA, the
alignment information is significantly lower; thus, more research in patient outcomes is

needed in this kind of prostheses.

Prosthetists typically define nominal or optimal alignment through gait observations and
patients’ feedback. The analytical skills of the prosthetist were not included or assessed
during any alignment testing, so studies are needed to identify the relation between
optimal alignment, amputees' comfort perception, and the expertise level of prosthetists

for performing prosthetic alignment procedures.

The review showed the TTA could regulate their gait speed, cadence, and body inclination
during changes of the prosthetic alignment; however, more quality information for TTA,
especially for TFA and other amputation levels is still missing. The review revealed a
knowledge gap about patients' outcomes by socket alignment in internal and external
rotations, valgus, and varus angulations, as well as lengthening and shortening of the
prosthesis. In terms of prosthetic foot alignment, there is a lack of research for eversion

and inversion, as well as medial and lateral translational movements.

The clinically accepted protocol to perform prosthetic alignment includes the fitting of
socket and foot; therefore, and notably, not enough evidence was observed about the
changes of amputees' performance when these prosthetic elements were aligned

simultaneously; especially for kinetic parameters such as SRM and GRF, kinematic and



spatiotemporal parameters, energy expenditure, comfort evaluation, and plantar foot

pressure measures.

3.5.3. General considerations for performing the prosthetic alignment.

The alignment procedure places the prosthetic elements in positions relative to the
biomechanical lines of the amputee; nevertheless, the quality of the alignment in clinical
practice and research should consider individuals characteristics and their functional

capabilities, the prosthetist's skill, and the alignment procedure features.

Clinicians and researchers must consider rotations, angulations, and translations of both
prosthetic elements socket and foot, in sagittal, coronal, and transverse planes. The
magnitude of alignment movements is related to anatomical characteristics of the residual
limb and natural body lines. The number of alignment variations during testing in research
projects is strongly associated with the participants' fatigue; thus, the comfort surveys

should ask about the mood and physical state of the volunteer.

To evaluate the amputee's performance for walking, the ambulation methods during the
alignment procedure should include diverse terrain relief and assess the use of footwear
or barefoot. The prosthetist's knowledge in the prosthetic alignment procedure influences
the alignment accuracy and contributes to the successful prosthetic adaptation of the
patient; however, researchers also should consider the amputee's skills for walking

because it could mask the alignment effect.



3.6. Conclusion.

This paper review reveals a baseline for prosthetic alignment studies, showing the primary
metrics used to analyze the prosthetic amputees' performance such as spatiotemporal and
kinematic gait data, ground reaction force, socket-stump interface pressure, body balance,

and muscular activity.

Alignment studies must consider angulations, rotations, and translation movements in the
sagittal, coronal, and transverse axis. For a better understanding of gait performance
outcomes, influenced by alignment variations, alignment modifications in socket and foot

must be performed.

Considering that the alignment is a process with a high subjectivity associated with the
characteristics of the amputee, the definition of "optimal™ alignment of TT and TF
prosthesis is nearly a concept for both amputees and prosthetists, therefore it is strictly
necessary to use a questionnaire to measure the comfort or satisfaction of the amputee,
this being the most essential instrument. The dynamic prosthetic alignment should be

further researched to achieve a more objective definition.



Chapter 4.

The effect of prosthetic alignment on the stump's temperature

and the ground reaction force

Contribution to Ph.D. research: This chapter helped in the fulfililment of the fourth
objective of the thesis: “To propose and evaluate a computational model based on the
biomechanical variables recorded during the static and dynamic analysis of the
transfemoral mechanical prostheses . The analysis of the parameters recorded during the
alignment procedure are discussed in Chapter 4. and Chapter 5. This chapter shows the
statistical analysis of the vertical and anteroposterior components of the Ground Reaction
Force (GRF) and the temperature of the residual limb to identify the effects of prosthetic

alignment on transfemoral amputees during gait.



The intra-subject analysis showed the stump temperature is affected by the prosthetic
alignment for more than 70.0% of trials; however, results were not generalized to the
population of amputees. The between subject analysis showed changes in the GRF
parameters between nominal and misalignments. Therefore, this chapter demonstrates the

effectiveness of GRF in describing the effects of prosthetic misalignment.

The findings described in this chapter were analyzed in cooperation with Dr. Josep M.
Font-Llagunes, professor at the Biomechanical Engineering Laboratory of the Universitat

Politécnica de Catalunya, Barcelona, Spain

This chapter has one supporting appendix. Refers to Appendix PA for information about

the amputee volunteers and control group.
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4.1. Abstract.

Background: Lower limb prosthetic alignment is a procedure mostly subjective. A
prosthetic misaligned induces gait deviations and long-term joint diseases. The alignment

effects for each lower limb and the stump stays uncertain.

Research objective: To identify the effect of the transfemoral alignment prosthesis on

ground reaction forces and thermal images of the residual limb.

Methods: The effect of misalignment and nominal alignment was evaluated in sixteen
transfemoral amputees. The nominal alignment was considered as the optimal alignment
for each subject. Misalignment included random variations in the anterior-posterior and
medial-lateral translation of the prosthetic foot and the angle of flexion-extension,
abduction-adduction, and internal-external rotation of the socket and prosthetic foot. The
control group consisted of fifteen non-amputee individuals. The ground reaction force
parameters and stump temperature were analyzed for each alignment condition. The

statistical analysis included the Kruskal-Wallis and multiple comparison tests.

Results: The prosthesis did not produce statistically significant changes in the average
temperature of residual limbs. However, the temperature distribution on the stump skin
was different (P<0.05). The transfemoral prosthesis misalignment produced an irregular
heat diffusion on the anterior, posterior, and lateral sides of the stump contour compared
to the nominal alignment (P<0.05). The sound limb did not show differences between
nominal alignments and misalignments for most ground reaction force parameters. For
almost all GRF parameters, significant differences were observed for the prosthetic limb

between misalignment and nominal alignment (P<0.001). The symmetry indices of



ground reaction force parameters of transfemoral amputees did not show any kind of

significant improvements after aligning the prosthesis nominally.

Significance: The findings in the analysis of the stump's temperature distribution and the
ground reaction force of the prosthetic limb provide a better understanding of the

alignment procedure of the transfemoral prosthesis.

4.2. Introduction.

The alignment is an iterative procedure of prosthesis adjustment to provide static balance
and dynamic function of amputees according to their biomechanical characteristics. The
prosthetist's skills are crucial for a successful alignment; therefore, the optimum
prosthetic alignment is achieved mainly by subjective judgments. A proper prosthesis
fitting increases the adaptation of amputees to daily activities. Conversely, an inadequate
prosthetic alignment is a common cause of an abnormal prosthetic gait. In addition, gait
deviations lead to secondary musculoskeletal disorders such as stump pain, osteoarthritis,

and low back pain [214].

Kinetic parameters such as the ground reaction force (GRF) and joint moments have been
used to find the effects of misalignment on prosthetic gait. Van Velzen et al. [189]
identified systematic effects in the medial-lateral GRF during terminal stance for varus
and valgus or exo-rotation foot alignments. The effect of the translational alignment of
prosthetic feet has also been evaluated for the standing and sitting trials [215]. The
braking impulse was smaller on the prosthetic side and greater on the sound limb for

anterior alignment compared to the posterior alignment. Pinzur et al. [216] evaluated the



vertical ground reaction forces of transtibial amputees during gait trials. Authors
suggested that prosthetic misalignments increase the loading on the contralateral limb
and, in the same way, the stance phase time and vertical GRF peak were different between
misalignments and nominal alignments. Zhang et al. [217] identified for transfemoral
amputees an effect of the prosthetic misalignment in the intact hip and knee joint moments
by following a within-subject analysis. In general, earlier studies have found a significant

relationship between GRF parameters and prosthetic alignment conditions.

Thermography has been used as a tool to evaluate the interactions of the stump-socket
interface. Raggi et al. [218] proposed a protocol that integrated thermal imaging for the
evaluation of the whole prosthetic setup, finding hot spot temperature differences
according to the socket type. The temperature assessment of the interface between
residual limb and liners of below-knee amputees was proposed in [98]. The thermography
of the stump showed the presence of hot spots at the liner-stump interface during gait and
standing trials. The hot spots increased 20% after walking with good inter-subject
repeatability. On the same line, Ziveak et al. [99] informed that the use of thermography
is an appropriate method for a rapid diagnosis during design, manufacture, and

application of the socket for transtibial amputees.

Thermal images have been used in the adaptation of lower limb prostheses and their
effectiveness during prosthetic manufacturing has been confirmed; however, to the best
of the authors' knowledge, thermography has not been used to assist the prosthetic
alignment procedure. An incorrect prosthetic alignment produces an improper
distribution of the socket-stump interface loads [93], [194], leading to increased friction

and stress on the interface, and later surface damage to the soft tissue [219]. As well as



the change of the skin pressures produced by misalignments could affect muscles' blood
perfusion [220], therefore, the use of thermal photos could help to find prosthetic

alignment problems.

Although earlier studies have supplied useful information to aid prosthetists during
prosthetic alignment, the alignment procedure uncertainty and the amputees' gait
compensation skill are still being challenged for qualitative gait assessment [176].
Therefore, new quantitative strategies for helping prosthetists during prosthetic alignment
are needed. Considering the effectiveness of the ground reaction force to find issues
associated with prosthetic misalignments and that the residual limb temperature changes
while wearing the prosthesis, it is hypothesized that the quality of the prosthetic alignment
can produce changes in the skin temperature of the residual limb, the ground reaction
force, and the symmetry of the gait pattern. Therefore, this article evaluates the
effectiveness of the ground reaction force parameters and thermal images of the residual
limb to describe the effect of misalignments and nominal alignment on the prosthetic gait

of transfemoral amputees.

4.3. Methods.

4.3.1. Subjects and experimental equipment.

The Ethics Committee of the Institute of Medical Research of the Universidad de
Antioquia (Medellin, Colombia) approved this research study. The inclusion criteria of

amputees were (1) unilateral transfemoral amputees, (2) a functional level higher than 2



[14], and the control group included (3) ages over 18 years old, and (4) not report other
diseases. Table 3 details the information of the registered subjects. Mahavir Kmina
artificial limb center in Medellin, Colombia, assembled all prostheses. Prosthetic devices
included an ischial containment socket, a suction suspension system, a ReMotion
prosthetic knee (D-Rev V3, USA), and a Jaipur foot (BMVSS, Jaipur, India). Subjects

did not use any interface like socks or liners.

The ground reaction force was recorded using the force platform P6000 (BTS
Bioengineering, Italy) and the Smart Clinic and Smart Analyzer software (BTS
Bioengineering, Italy). The camera Gobi 640 (Xenics, Belgium) and software Xeneth 2.6.
(Xenics, Belgium) were used to capture thermography. Matlab (MathWorks, USA) and

Statgraphics Centurion (Statgraphics Tech., USA) were used to analyze signals.



Age

Weight

Height

ID Volunteer Gender (years) (ka) (cm) BMI Amputation etiology Amputation Side
1 Transfemoral Amputee Male 34 72.0 175.2 23.5 Road accident Left
2 Transfemoral Amputee Male 44 68.0 165.0 25.0 Vascular Right
3 Transfemoral Amputee Male 50 70.0 169.0 24.5 Gunshot wound Right
4 Transfemoral Amputee Male 53 80.0 170.0 27.7 Road accident Left
5 Transfemoral Amputee Male 29 56.5 174.0 18.7 Gunshot wound Left
6 Transfemoral Amputee Male 33 63.0 171.0 21.5 Road accident Left
7 Transfemoral Amputee Male 45 68.8 166.0 25.0 Road accident Left
8 Transfemoral Amputee Female 45 68.8 166.0 25.0 Road accident Right
9 Transfemoral Amputee Male 51 62.2 145.0 29.6 Road accident Left
10 Transfemoral Amputee Male 25 70.3 173.0 23.5 Road accident Left
11 Transfemoral Amputee Male 35 52.8 178.0 16.7 Road accident Left
12 Transfemoral Amputee Male 29 85.5 182.0 25.8 Road accident Right
13 Transfemoral Amputee Male 34 79.0 168.0 28.0 Road accident Left
14 Transfemoral Amputee Female 33 71.0 166.0 25.8 Cancer Right
15 Transfemoral Amputee Male 30 57.7 161.0 22.3 Workplace injury Right
16 Transfemoral Amputee Male 35 62.0 161.0 23.9 Gunshot wound Right
17 Control Female 21 58.5 166.0 21.2 - -
18 Control Female 21 54.0 158.0 21.6 - -
19 Control Female 46 58.0 159.0 22.9 - -
20 Control Female 27 70.1 158.0 28.1 - -
21 Control Male 28 72.3 170.0 25.0 - -
22 Control Male 49 77.2 175.0 25.2 - -
23 Control Female 24 57.3 162.0 21.8 - -
24 Control Female 27 53.0 162.0 20.2 - -
25 Control Female 19 53.4 160.0 20.9 - -
26 Control Male 31 80.5 171.0 27.5 - -
27 Control Female 51 58.7 163.0 22.1 - -
28 Control Male 31 58.7 163.0 22.1 - -
29 Control Male 39 64.0 168.0 22.7 - -
30 Control Female 19 48.0 160.0 18.8 - -
31 Control Male 59 88.0 181.0 26.9 - -

Table 3. Information about recruited volunteers: the main characteristics of the thirty-one volunteers recruited are described.



4.3.2. Experimental protocol.

The temperature reference was recorded by using thermal photographs from the anterior,
posterior, and lateral views of the stump. The following steps were performed for five trials:
(1) the socket and foot angle were randomly changed (Figure 22); (2) the subjects walked for
ten minutes on a ten meters hallway using a self-selected walking speed; (3) the ground
reaction force was recorded for each lower limb; (4) the prosthesis was removed, and thermal
photos were taken from anterior, posterior, and lateral sides; (5) the amputee rested for twenty
minutes without the socket. For one trial, randomly chosen, the prosthesis was optimally
aligned, and this condition was named the nominal alignment. The prosthetist was blind for
the alignment order. The control group did not perform steps (4) and (5). The alignment
variations included socket rotations in flexion-extension (-6.0° to 7.0°), adduction-abduction
(-8.0° to 6.0°), and internal-external rotation (-18.0° to 28.0°). The prosthetic foot included
dorsi-plantar flexion (-7.0° to 6.0°), eversion-inversion (-4.0° to 6.0°), and internal-external

rotation (-13.0° to 11.0°).
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(a). Lateral view of prosthetic limb. (b). Anterior view of prosthetic limb.
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Figure 22. Movements of the socket and prosthetic foot to produce misalignments.

4.3.3. Data capturing and analysis.

4.3.3.1. Temperature of the residual limb.

Temperature measurements were made directly on the skin of the stump. Eighteen photos
were excluded because their quality was not proper. Finally, 222 thermographic photos were
analyzed. The stump thermal images were analyzed using the K-means method [221] for
temperature clustering. Figure 23 shows an example of clustering for misalignments and
nominal alignments. The appropriate number of clusters was calculated using Calinski-

Harabasz [122] and Davies-Bouldin [123] methods.

2
(a). Temperature clustering of the stump after walking using a
nominally aligned prosthesis for the amputee number six
(posterior side).

(b). Temperature clustering of the stump after walking using a
misaligned prosthesis for the amputee number six (posterior side).
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(c). Nominal aligned prosthesis in the anterior side. Third

volunteer.

(e). Nominal aligned prosthesis in the lateral side. Second

volunteer.
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(d). Misaligned prosthesis in the anterior side. Third volunteer.
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(f). Misaligned prosthesis in the lateral side. Second volunteer.

Figure 23. Clustering of heat regions of the residual limb from the posterior side.

Clustering of the residual limb heat regions for the posterior side: Each thermal photo has a set of identified clusters. The

cluster has an associated mean temperature {Tp, -+ T,,} and an area {CAp, - CAp, }.

Each thermal photo has a total number of hot spots named clusters and labeled such as

[Ca Cp

C.]. The subscripts A, P, and L were used to name the anterior, posterior, and
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lateral sides. The temperature average for each clusterwas named by [T, Tp T]; likewise,
the clusters’ area was identified as [CA, CAp CA_]. The variability was calculated using
the ratio between the standard deviation and the mean. The variation coefficient was
calculated for the temperature ([CVr, CVrp, CVr.]) and the clusters' area
([CVca, CVcap CVca,)) from each view, and for the number of clusters between sides
(CVc). Finally, the factor analysis method [222] was used to parametrically adjust the
variation coefficient of temperature (eq. 4.1), clusters’ areas (eq. 4.2), and a total number of

clusters (eq. 4.3).

CVp = 0.075CVy, + 0.017CVy, + 0.011CVy, (4.1)
CVea = 0.142CVg, , + 0.131CVe,, — 0.177CV,y, (4.2)
€ =0.142C, + 0.131Cp — 0.177C, (4.3)
4.3.3.2. Ground Reaction Force (GRF).

Vertical and anterior-posterior ground reaction forces were normalized to the body weight.
The medial-lateral component was not considered because of its lower reliability [223]. The
following parameters were calculated according to [61]. The anterior-posterior components:
breaking peak (F3), propulsion peak (F,), braking force impulse (I3), propulsion force
impulse (1,), duration of stance phase (t,), duration of the braking phase (t,), duration of
the propulsion phase (ts), time to braking peak (t¢), time to propulsion peak (t,), and total
impulse (Tl,p = I3 + I,). From vertical component: loading response peak (Fs), terminal
stance peak (Fy), midstance valley (F,), time to loading response peak (tg), time to
midstance valley (t5), time to terminal stance peak (t;,), time from midstance valley to toe-

off (t,,), the impulse of loading response and midstance (Is), the impulse of terminal stance
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and pre-swing (Ig), and the total impulse of the vertical component TI, = (Is + I). Finally,
the loading rate (LR), unloading rate (UR), and the braking (BI,) and propulsion impulse
(PI,) were calculated according to [224], [225]. The limb symmetry index (eq. 4.4) is used
to identify the asynchronous movement of the lower limbs [226]. The correspondences
between the duration of braking and propulsion phases (CI; = t,/ts), for the peak values
(CI, = F5/F,), for the impulses CI; = I5/1,, and for the loading and unloading rate (Cl, =

LR /UR) were calculated as well.
Slgpy = = XR)/O.S(XL +Xg) ¥ 100% (“.4)
4.3.4. Statistical analysis.

The Kurtosis-bias analysis and Kolmogorov-Smirnov tests confirmed the normal data
distribution. The Kruskal-Wallis method [227] evaluated the statistical significance of the
differences of groups with a statistical significance of P<0.05. The multiple comparison test
used the Bonferroni method [228]. The statistical analysis included between-subjects and

within-subjects.

4.4 .Results.

The following subsections illustrate the statistical analysis of the stump’s temperature and

the ground reaction force.
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4.4.1. The temperature of the stump.
44.1.1. Subjects wearing prosthesis vs the reference.

The temperature of the stump was compared after walking using the prosthesis with the
temperature of the residual limb while the amputee was resting, namely without socket
wearing. For volunteers in the control group, thermal photographs were not taken because it
Is not possible to simulate the effect of alignment on a non-amputated limb. During the whole
study, the ambient temperature was 23.4 £ 1.6 °C. Subjects reported increased stump

sweating during warm days; however, it did not significantly affect our outcomes.

The prosthetic wearing did not produce statistically significant changes for the average
temperature of residual limbs compared to the reference temperature. However, the number
of clusters on the anterior side (C,), the total number of clusters (C), and the variability of
temperature on the lateral side (CVr, ) were 16.2% higher in the reference than thermal photos
during the prosthetic wearing for at least 80.0% of trials (P<0.05). By contrast, the number
of clusters of the anterior side (C4), the variation coefficient of clusters’ area (CV¢,4,), the
variation coefficient of temperature on the anterior side (CVr ), the total variation coefficient
(CV;) were at least 11.0% higher during prosthetic wearing than reference for nearly 70.0%

of trials (P<0.05).
4.4.1.2. Subjects wearing misaligned vs nominally aligned prosthesis.

The results of the temperature variables are presented in Table 4. The between-subjects
analysis did not show significant differences, however, the analysis for within-subject shows

that the variation coefficient of temperature on the anterior CVr ,, posterior CVr,, and lateral
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CVr, sides, as well as total CV; were at least 3.5% higher in misaligned than nominally
aligned prosthesis for above 70.0% of trials. The gait trials for misaligned prostheses had
more than 10.0% more clusters on the anterior side (C,) than nominal alignments for above
70.0% of thermal images (P<0.05). Furthermore, the total variation coefficient of clusters
(CV.) was 21.0% higher for misaligned than nominally aligned prosthesis for nearly 70.0%
of trials (P<0.05). Likewise, the variation coefficient of the cluster’ area on lateral sides

(CV¢a,) was 9.0% higher for 70.0% of trials.

4.4.2. Ground Reaction Force — GRF.

The difference between the ground reaction force of the control and amputee groups was
inspected. Likewise, an analysis of the gait symmetry indices was performed for the amputees
and control groups. The GRF outcomes of transfemoral amputees were analyzed to find the
effect of misalignments and nominal alignments. The data normality was verified, and

different statistical tests were conducted.
44.2.1. Subjects wearing prosthesis vs the reference.

The Figure 24 shows the symmetry index between lower limbs for the control group and the
transfemoral amputees considering both alignment conditions. The within-subjects and
between-subjects analysis did not show significant differences between GRF outcomes for
the control group, which is an expected result because volunteers did not report gait disorders.
The amputees’ group had more asymmetric gait than the control regardless of the type of
alignment. The vertical GRF components: loading response peak (Fs) and midstance valley
(F,), the time from midstance valley to toe-off (t;,), and the impulse of loading response

and midstance (Is) were the most symmetric parameters and like those of the control group.
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Figure 24. Symmetry index of GRF parameters between lower limbs.

Values greater than one hundred indicate asymmetry and values less than or equal to 100 indicate symmetry between
lower limbs.

Parameters Fs, F,, I3, tg, Fs, tg, ti0, t11, and SI, of amputee's intact sides during nominal
alignments did not show significant differences with control group limbs. Variables such as
Fg, UR, S1;, and SI; were at least 104% higher for control group limbs than for 88.2% of
nominal alignments. The rest of the anteroposterior forces (I, Tlyp, t;, t4, ts, ty), and

vertical forces (F,, tq, Is, I4, I, LR, BI,, and PI;,), and the symmetry index (SI,) were at

least 115% larger in the intact limbs for 98% of nominal alignments than nonamputees.

GRF parameters of the intact limb during misalignments compared to lower limbs of the
control group had an almost identical behavior to the above result. The time to braking peak

(te) was at least 101% larger for control group legs than in 83.8% of the amputee's intact side

during misalignments.
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The prosthetic side had the same significant differences with the lower limbs of the control
group, regardless of the alignment type. Parameters Fs, SI,, SI5, and SI,, did not show
significant differences. Values of F;, tg, Is, LR, and UR were 111% higher in the prosthetic
side regardless of alignment type than average of control group both limbs. The remaining
values were at least 108% higher on the prosthetic side during any kind of alignment than the

lower legs of the control group.

4.4.2.2. Subjects wearing misaligned vs nominally aligned prosthesis.

Table 4 shows the comparison of GRF parameters for intact and prosthetic limbs during
nominal alignments and misalignments of the prosthesis. The sound limb did not show
differences between nominal alignments and misalignments for most ground reaction force
parameters, excluding three variables (P<0.01). The time to midstance valley (t,), the loading
rate (LR), and the time from the midstance valley to toe-off (t;;) had representatively

different values for nearly 70.0% of trials.

Prosthetic limb Sound limb
Parameter | Acronym o o
g Nominal Misalignment Repegza)blllty Nominal Misalignment Repegzja)blllty
Fy * 12.92 + (5.13) 8.62 + (2.70) 92.6 % 12.92 + (5.13) | 13.00 + (5.57) 52.9%
§ F, * 15.88 + (4.54) 8.95 + (2.87) 94.1% 15.88 + (4.54) | 15.91 + (5.45) 55.9%
2 I3 *t 2.81 +(0.99) 0.25 + (0.17) 100 % 2.81 +(0.99) 3.01+(1.13) 51.5%
. 5 I, *T 4.34 + (0.85) 0.32 + (0.22) 100 % 4.34 + (0.85) 4.31 + (0.96) 51.5%
g § Tlp *t 7.23 +(1.53) 0.56 + (0.30) 100 % 7.23 + (1.53) 7.39 + (1.65) 51.5%
*g & ty *t 0.55 + (0.06) 0.09 + (0.02) 100 % 0.55 + (0.06) 0.56 + (0.05) 45.6%
C% g ts *f 0.59 + (0.09) 0.10 + (0.03) 97.1 % 0.59 + (0.09) 0.58 + (0.08) 47.1%
& 2 te * 0.11 + (0.02) 0.03 + (0.02) 92.6 % 0.11 + (0.02) 0.12 + (0.04) 45.6%
§: © t; *f 0.44 + (0.06) 0.06 + (0.02) 95.6 % 0.44 + (0.06) 0.44 + (0.08) 48.5%
S F 104.24 + (9.55) 102.86 + (6.37) 55.8 % 104.24 + (9.55) | 105.32 £ (9.92) 52.9%
= Fg * 103.25 + (5.75) 96.51 + (5.92) 86.8 % 103.25 + (5.75) | 103.39 + (5.55) 51.5%
E F, * 90.16 + (4.42) 88.17 + (3.38) 69.2 % 90.16 + (4.42) | 91.21 + (5.01) 48.5%
tg * 22.64 + (8.76) 36.70 + (4.27) 92.6 % 22.64 + (8.76) |24.20 £+ (10.44) 47.1%
_‘?_‘3 2 o ty *71 0.53 + (0.05) 0.09 + (0.02) 97.1 % 0.53 + (0.05) 0.56 + (0.06) 69.1%
s § g tio * 77.06 + (6.57) 63.94 + (4.20) 94.1% 77.06 + (6.57) | 76.13 + (5.77) 57.4%
>0 t11 *f 52.13 + (6.26) 48.17 + (4.11) 76.5 % 53.13 £ (6.26) | 50.72 + (5.04) 68.2%
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I, * 6.07 = (1.61) 5.47 £ (0.56) 68.3 % 6.07 = (1.61) | 6.43% (L67) 47.1%

I, *t | 88.91+(11.39) | 6.69 £ (3.59) 100% | 88.91+ (11.39) | 90.61 £ (10.58) |  47.1%

Tl, *f | 94.98+(11.33) | 12.28 £ (3.60) 100% | 94.08 + (11.33) | 97.11 + (10.56) | 50.0%

LR *1f | 0.01+ (0.00) 0.04 £ (0.01) 9859% | 0.01+(0.004) |0.012 £ (0.007)| 68.8%

UR * 0.02 £ (0.01) 0.03 £ (0.01) 76.5 % 002+ (0.01) | 0.02(0.01) 44.1%

Bl, *f | 46.37 % (6.15) 5.17 + (1.99) 085% | 46.37+(6.15) | 48.27+ (5.12) | 47.1%

PI, *f | 48.71+ (7.76) 7.20  (2.43) 100% | 48.71+(7.76) | 48.03+ (9.00) | 52.9%

I, * 0.26 £ (0.06) 0.51 % (0.32) 82.4 % 0.26 + (0.06) | 0.27 £ (0.10) 48.5%

Impulse cl, 0.89 * (0.36) 0.91 £ (1.03) 57.4% 0.80 + (0.36) | 0.92 (0.37) 49.7%

Rates L * 1.66 £ (0.22) 2.39 £ (4.76) 63.2 % 0.66 £ (0.22) | 0.75% (0.24) 47.1%

Cl,*f | 2.73+(L18) 0.90 = (0.37) 100 % 2.73% (1.18) | 2.72%(1.37) 51.5%

ﬁtmagce t, 113+ (0.12) 0.18 + (0.05) 100 % 113+(0.12) | 1.15%(0.12) 44.1%
T, 2642+ (145) | 2581« (1.33) 59.6% - - ;
T, 2619+ (140) | 25.61 + (1.35) 59.6% - - ;
T, 2601+ (149) | 25.40« (1.34) 61.7% - - -
CVr, * | 040z (0.06) 0.46 * (0.06) 74.5% - - ;
CVr, ™ | 044%(0.04) 0.48 £ (0.04) 73.8% - - ;
vy, 0.43 £ (0.06) 0.49 = (0.03) 76.0% - - -
CV;* | 0.007 £ (0.005) | 0.011 £ (0.005) 70.1% - - -
2 CA, | 2951.3(866.6) | 30019 + (1288.8) | 6L.7% - - -
= CA 37863+ | 91954 (12082) | 51.1% : : ]

g P (2343.2) > & (1208, '

5 CA, | 10458+ (831.9) | 897.8  (357.8) 61.7% - - 5
b CVea, | 0.65%(0.05) 0.67 * (0.08) 51.1% - - -
= CVer, | 063%(011) 0.64 % (0.07) 55.3% - - -
o CVea, * | 0.67%(0.13) 0.64 % (0.13) 70.2% - - -
g CVen 0.65 = (0.37) 0.65 = (0.26) 57.4% - - -
g C,* | 1117+ (155 | 12.18<(2.69) 74.5% - - -
5 C, 8.92 « (3.46) 8.86 « (2.68) 48.9% - - -
@ C, 7.41 % (353) 7.16 * (2.69) 48.9% - - -
= CV, * 0.43 + (0.21) 0.34 + (0.16) 69.0% - - -

Table 4. Ground reaction force and stump temperature parameters.

Results are shown for each lower extremity for the alignment conditions evaluated. Percent repeatability indicates the

percentage of comparisons that showed significant differences. * Parameter that showed significant within-subject
differences for the prosthetic limb. { Parameters that showed significant differences between subjects for the prosthetic
limb. § Parameters that showed significant differences within-subjects for the intact limb.

The following parameters show the most significative differences within-subjects, and it was

depicted in Figure 25. However, the following parameters additionally met the between-

group comparison for 100% of the population. The braking impulse (15), propulsion impulse

(1), the impulse of terminal stance and pre-swing (Ig), the total anteroposterior impulse

(Tl,p), the total impulse of the vertical component (TI,), braking impulse (BI,), and




propulsion impulse (PI,) were at least 88.0% higher during nominal alignments than
misalignments for almost 99.0% of patients. Similarly, the duration of stance phases (t;),
braking phase duration (t,), duration of the propulsion phase (ts), time to propulsion peak
(t;), and the time to midstance valley (ty) were at least 76.0% slower for above 95.0% of
trials. The loading and unloading rates were at least 66.0% greater for all trials. Particularly,

the loading (LR) was 70.0% higher in misaligned than nominal aligned prosthetic limb for at

least 98.5% of trials.
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Figure 25. Average ground reaction force for the prosthetic limb for the amputees’ group during nominal alignments and

misalignments.

4.5. Discussion.

The hypothesis proposed in this work was focused on finding changes produced by the
quality of the prosthetic alignment on the skin temperature of the residual limb, the ground
reaction forces, and the symmetry of the gait pattern. In this regard, the ground reaction forces
during walking of transfemoral amputees and the control group were recorded. Furthermore,
thermal photographs of the residual limb were taken for the group of amputees. The
information collected was processed and statistically analyzed to confirm our hypothesis.
The findings suggested significant differences for the ground reaction forces of the prosthetic

limb and the heat distribution on the stump's skin between nominal alignment and
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misalignment of the prosthesis. On the other hand, the alignment did not affect the GRF

symmetry between the intact and prosthetic limbs.

The ambient temperature showed a positive correlation with the stump's temperature and the
increased perspiration reported by amputees. Earlier research has reported relations between
the skin blood perfusion rate and changes in ambient temperature [229], [230]. Hence, the
stump's skin heating and perspiration could be related to the thermo-regulation process of

each subject, and not necessarily to the use of sockets.

Previous research has shown the effectiveness of thermography in the design and alignment
of transtibial prostheses and to assess the socket-stump interface [98], [99], [218]. Our
outcomes showed a slight increase in the mean temperature of the stump during nominal
alignments compared to misalignments for near 60% of amputees. Despite this result, we
hypothesize that the misalignments could have increased the number of local pressure points
in the stump, which affected the microvasculature in the stump’s distal region and possibly
long-term vasoconstriction. This produced stump regions cooler than others, increasing the
dispersion of temperature during misalignment and resulting in higher temperature variation
coefficients for nearly 76.0% of transfemoral amputees. The unbalance of the stump load line
over the socket caused by the misalignments could have affected the pressure distribution at
the stump-socket interface, affecting the blood capillaries, the blood supply distribution, and
the temperature dissipation. The local pressure or friction increase could induce ulcers caused

by ischemia, which could affect the amputees' compliance to the prosthesis.

Our socket design has two weight-bearing zones: one over the ischial notch region and the
other on the scarp triangle. Figure 23(a) shows a better temperature distribution over the
ischial region during nominal alignment compared to Figure 23(b) which shows the hot spots
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observed during prosthetic misalignment. Likewise, Figure 23(c) shows the nominal
alignment produced a better temperature distribution on the scarp triangle contour compared
to the thermal results for the misaligned prosthesis (Figure 23(d)). It is expected that the
regions of the residual limb with larger contact with the socket walls have greater mechanical
stress, friction, and localized pressure, affecting the microvasculature of the skin. For this
reason, it is suggested that prosthetic misalignment did not affect the mean temperature of
the stump, since the blood perfusion of the skin was focally disturbed, producing small hot
spots that did not change the average temperature [231]. The non-generalization of the results
for a greater number of amputees could be due to the amputee's metabolic characteristics,
prosthesis' mechanical factors, and the blood perfusion of the residual limb; however,
thermography can assist clinicians and prosthetists during the fitting and alignment of

transfemoral prosthesis components.

The muscle tissue loss caused by the lower limb amputation induces an impulsive force
decrease of the prosthetic limb in vertical and anteroposterior curves ( PI,, Tly, 14, 1¢, Cl,)
[182]. The prosthetic misalignment altered the force transfer to the ground on the prosthetic
side; therefore, the impulsive force (F,) decreased and the unloading rate increased. It is well
known that amputees shift the center of mass towards the intact limb to achieve a more
comfortable and stable gait [232]. Prosthetic misalignment increased this shifting to the
contralateral side producing a shorter stance phase (t,) in the prosthetic side compared to
nominal alignment. As well as the instability of a misaligned prosthesis produced decreased
braking forces and decreased temporal parameters during misalignments
(I3, t4, ts, tg, BI,, LR). Likewise, the single-support phase of the vertical ground reaction

force curves of the intact limbs was flatter than on prosthetic limbs, which has been
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associated with slow gait speed [233]. The GRF outcomes suggest that nominal alignment
improves the stability of the amputee on the prosthetic side during the stance phase; therefore,
the measurement of GRF parameters on the prosthetic side could help the prosthetist to

identify the nominal alignment to increase the amputee's compliance to the prosthesis.

The symmetry indices of transfemoral amputees did not show significant improvements after
nominally aligning the prosthesis, which can be explained by the gait compensations of
amputees to adapt to alignment changes [171], [176], [234]. Therefore, symmetry might not

be a proper indicator to assess the quality of the alignment.

Prosthetic misalignment induced a shift between the anatomical line of amputees and the load
line of the prosthesis, causing the shifting of the amputee's center of mass. Amputees adopt
gait compensation mechanisms to keep a suitable gait performance, however, our results
proved that the analysis of the residual limb’s GRF could be useful to detect prosthetic
misalignments. The use of GRF parameters such as I5, I, Tlyp, t, t4, ts, t-, to, I, Tly, LR,
BIy, PIy, and CI, provides useful indicators to aid in the alignment procedure of transfemoral
amputees. This finding helps to find computational models for classification or prosthetic

alignment assessment.

The results found in this study could be limited by the number of patients, the use of a single
type of socket and a prosthetic foot, the non-inclusion of liners or stockings for the stump,
and the condition of walking barefoot. Future work should quantify the magnitude of
misalignment to identify the individual and collective effects of flexion-extension,
abduction-adduction, and internal-external rotations of the socket and prosthetic foot.
Finally, automatic alignment procedures supported by computational models are necessary

to improve the adaptation of the transfemoral amputee to the prosthesis.
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4.6. Conclusion.

The stump temperature did not show a direct relationship with changes in prosthetic
alignment and their variation may be related to different exogenous factors. The intersubject
observations show that several parameters of the Ground Reaction Force (GRF) could be
considered as descriptors of the dynamic prosthesis alignment procedure. This information

is useful to propose computational models of the prosthetic alignment.
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Chapter 5.

Evaluation of the prosthesis alignment effects on spatiotemporal,
comfort, balance, and muscle activity information of
transfemoral amputees during gait and standing

Contribution to Ph.D. research: This chapter helped in the fulfillment of the fourth
objective of the thesis: “To propose and evaluate a computational model based on the
biomechanical variables recorded during the static and dynamic analysis of the transfemoral
mechanical prostheses”. The analysis of the parameters recorded during the alignment
procedure are discussed in in Chapter 4. and Chapter 5. This chapter statistically analyzed
the effects of prosthetic alignment on standing and gait in transfemoral amputees to define
the descriptors set of the static and dynamic alignment. During standing and walking, the
statistical tests did not show significant differences between the alignment conditions for the
amputee's balance, comfort, and muscle activity of the intact limb. The ground reaction force
(GRF) during walking tests showed significant differences between alignment conditions.

Therefore, this chapter proves that the prosthetic limb GRF is a descriptive variable of the
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dynamic alignment procedure. Likewise, the chapter shows the unreliability of recorded

parameters to propose a computational model for static alignment.

Refers to Appendix CS for more information on the comfort survey.
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51 Abstract.

Background: Lower limb prosthetic alignment is a procedure mostly subjective, and a
misaligned prosthesis induces gait deviations and long-term joint diseases. The prosthetic

misalignment effects on muscular activity, comfort, kinematics, and kinetics must be studied.

Research objective: To identify the effect of prosthetic misalignment in muscular activity,

comfort, kinematics, and kinetics during the standing and walking of transfemoral amputees.

Methods: The effect of misalignment and nominal alignment was evaluated in sixteen
transfemoral amputees. The optimal alignment made by the prosthetist was named nominal
alignment. Misalignments included random variations in the flexion-extension, abduction-
adduction, and internal-external rotation of the prosthetic socket and foot. The ground
reaction force, electromyography, spatiotemporal parameters, and comfort were analyzed for
each alignment condition. The statistical analysis included Friedman, Kruskal-Wallis, and
multiple tests. The study included a control group of fifteen healthy volunteers for comparing

results.

Results: Misalignments and nominal alignments did not produce significant differences on
the sound limb of the spatiotemporal parameters. The stance phase in the prosthetic side for
amputees wearing a misaligned prosthesis was 80.0% faster than nominally aligned
prosthesis (P<0.05). The nominal alignment and prosthetic misalignment during gait trials
showed significant differences for the tibialis anterior and rectus femoris in the mean
frequency and median frequency parameters (P=0.001). During standing, significant
differences were observed in the total power parameter of the tibialis anterior (P<0.01).

Statistically significant differences between misalignments and nominal alignments based on
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a comfort survey were not found in the standing and walking test. The ground reaction force
was not different between nominal alignments and misalignments during standing. The
prosthetic gait of the transfemoral amputees was faster, more unstable, and fatiguing than the

normal gait of the control group.

Significance: The results of this study allow to identify the most informative parameters for

prosthetists to evaluate the optimal alignment of transfemoral prostheses.

5.2 Introduction.

The prosthetic alignment is an iterative procedure to provide static balance and dynamic
function to amputees by following the biomechanical characteristics of amputees and a gait
analysis. Continuous communication between the amputee and the prosthetist, the attitude of
the amputee, and the prosthetist knowledge in the alignment procedure are decisive factors
to ensure the success of prosthetic alignment; therefore, prosthetic alignment is mainly a

subjective judgment.

A poorly performed prosthetic alignment leads to prosthetic gait deviations, which produce
secondary musculoskeletal disorders [214]. Gait deviations are related to perturbations of
plantar foot pressures [156], step length asymmetries [157], changes of the stump pressure
[158], [166], standing balance deviations [159], perturbations of spatiotemporal parameters
[160], [161], and increased energy consumption [36]. Additionally, misalignment increases
user dissatisfaction [162] and results in continuous visitations to prosthetics centers for

prosthesis adjustments [16, p. 2].

120



The procedures to analyze prosthetic gait have been described in diverse articles. Sagawa et.
al. [235] and Soares et. al. on [236] identified the parameters most commonly registered for
prosthetic gait analysis. Authors in [164], [165] present the influence of rotational and
translational movements of the transtibial prosthesis during the alignment procedure. Factors
such as spatiotemporal parameters, muscle activity, satisfaction, falls, among others, were
highlighted as elements for the evaluation of alignment and prosthetic adaptation of

transtibial amputees.

Previous research has proven that movements of the foot in the sagittal plane produces
changes in both horizontal and vertical ground reaction force (GRF) for transtibial amputees
[200]. As well as variations of foot dorsiflexion and plantarflexion alignment increase the
GREF, affecting the normal movement of the knee during walking and increasing external
loads on knee ligaments [180]. Anterior-posterior translations of a prosthetic foot in
transfemoral amputees result in an increase of the hip extension moment during the early-
stance phase [167]. Perturbations in the foot alignment in varus-valgus and external rotations
produce changes in the mediolateral component of GRF for transtibial amputees [189]. In a
within-subject analysis, Zhang et al. [217] found that misalignment has an effect on moments

at hip and knee of the intact limb in transfemoral amputees.

Internal foot rotations of transtibial prosthesis [176], [184], [191] and socket abduction-
adduction and flexion-extension [186] produced a significant reduction in comfort; however,

a deeper analysis of volunteers' satisfaction was not performed.

Flexion and extension perturbations of the socket alignment and foot adduction variations.

[33], [179] produced a displacement of the lateral center of pressure of transtibial amputees.
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The stance phase duration and single support duration in intact limbs for internal/external
foot rotations of transtibial amputees [178], [184]. Likewise, excessive external rotations

produced changes in the stance time, swing time, and step length [191].

The use of surface electromyography (SEMG) to assess the prosthetic alignment in transtibial
prosthesis was proposed in [177], [180]. Mainly results showed that flexion-extension of the
socket of transtibial amputees produce 50% muscle force increasing on hamstring and 20%

in rectus femoris and vasti for transtibial amputees

Previous studies have recognized the effects of prosthetic alignment in gait biomechanics,
mainly in transtibial amputees. The study of the prosthetic alignment in transfemoral
amputees remains incomplete. Likewise, the knowledge of the effects of misalignment and
nominal alignment of transfemoral prostheses is also uncertain. Therefore, new quantitative

strategies for helping prosthetists during prosthetic alignment are needed.

This study aims to analyze the standing and gait of transfemoral amputees to identify the
effect of the nominal and misalignments of the prosthesis in the spatiotemporal,
electromyographic, ground reaction force, and comfort parameters. This is a complementary
work of [237]. A progressive study of prosthetic alignment will allow the identification of
useful descriptors to quantitatively assess the prosthetic alignment procedure and propose

novel strategies for prosthetist assistance.

122



5.3 Methods.

The next section explains the methods, tools, and statistical strategies used to assess the

alignment of transfemoral amputees.

5.3.1. Subjects and experimental equipment.

The Ethics Committee of the Institute of Medical Research of the Universidad de Antioquia
(Medellin, Colombia) approved this research study. The inclusion criteria of amputees were
(1) unilateral transfemoral amputees, (2) a functional level higher than 2 [14], and the control
group included (3) ages over 18 years old, and (4) not having any other disease. Table 3
details the information of subjects. The Mahavir Kmina Artificial Limb Center in Medellin,
Colombia, assembled all prostheses. Prosthetic devices included an ischial containment
socket, a suction suspension system, a ReMotion prosthetic knee (D-Rev V3, USA), and a

Jaipur foot (BMVSS, Jaipur, India). Subjects did not use any interface like socks or liners.

The kinetics and spatiotemporal data were recorded with a force platform P6000 and the
Motion Capture System manufactured by BTS bioengineering, Italy. The six-channel
electromyography system MOBI was used to report activity muscle (TMSI, Holland). A
Spanish adaptation of the Prosthesis Evaluation Questionnaire (PEQ) was used to measure
amputee comfort [42], [43]. The Smart Clinic and Smart Analyzer software (BTS
Bioengineering, Italy). The Portilab 2 software (TMS International, The Netherlands) was
used to measure electromyography signals. GeoGebra (International Geogebra Institute,
Austria) was used to calculate the alignment angles. Matlab (MathWorks, USA) and
Statgraphics Centurion (Statgraphics Tech., USA) were used to process and analyze the

signals.
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5.3.2. Experimental protocol.

The procedure explained here includes the recording of the parameters during standing, thus
extending the Experimental protocol explained in the chapter Chapter 4 The Davis protocol
[238] was used for the location of reflective markers on the body. The rectus femoris, biceps
femoris, medial gastrocnemius, and tibialis anterior muscles were measured to estimate the
muscular activity of the lower limb. The temperature reference was recorded at the beginning
of gait trials by using thermal photographs from the anterior, posterior, and lateral views of

the stump. The alignment testing protocol followed the following structure:

(1). Alignment procedure. The socket and foot angle were randomly changed (Figure
22). The alignment variations included socket rotations in flexion-extension (-6.0° to
7.0°), adduction-abduction (-8.0° to 6.0°), and internal-external rotation (-18.0° to
28.0°). The prosthetic foot included dorsi-plantar flexion (-7.0° to 6.0°), eversion-
inversion (-4.0° to 6.0°), and internal-external rotation (-13.0° to 11.0°). The

alignment variation was blind for the patients and the prosthetist.

(2). Training stage. The subjects walked for ten minutes on a ten meters hallway using
a self-selected walking speed. During this time, the amputee was adapted to the new

alignment condition.

(3). The recording of volunteers' standing. The volunteer was positioned over the
force platform and the ground reaction force was recorded. The electromyography of
the sound limb in amputees and the lateral preference in the control group were

recorded.
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(4). Walking tests. The volunteer walked for five minutes. Three gait cycles were
captured. The electromyography of the sound limb of amputees and the lateral
preference for the control group, the motion capture of the volunteers’ walking, and

the GRF for both lower limbs were recorded.

(5). Resting. The amputee rested for twenty minutes without prosthesis. It is expected
that the blood flow of the residual limb will return to normal. During resting time, the

amputees evaluated their walking comfort using the prosthesis.

This procedure was repeated five times. In one trial, randomly chosen, the prosthetist
performs the optimal alignment, named the nominal alignment. The remaining four

repetitions were termed misalignments. The control group did not perform steps (4) and (5).

5.3.3. Gait assessment parameters.

This chapter shows the spatiotemporal, muscle activity, comfort, and ground reaction force
parameters used in this research to assess the effects of misalignment in transfemoral

amputees.

5.3.3.1.  Spatiotemporal parameters.

Smart Clinic software (BTS Bioengineering, Italy) analyzes the data from the motion capture
system and produced a clinical reporting the following temporal and kinematics parameters:
stride time (sec), stance time (sec), and swing time (sec), mean gait velocity (m/s), cadence
(steps/min), the stance phase (%), swing phase (%), single support phase (%), double support
phase (%), stride length (m), step length (m), step width (m), and the Gait Deviation Index

[239].
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5.3.3.2.  Muscular activity.

The surface electromyography (SEMG) of the rectus femoris, biceps femoris, tibial anterior,
and gastrocnemius medialis of the sound limb was used to estimate the muscular activity.
Electromyography was not normalized to avoid prolonging the duration of the alignment
trials. Therefore, a frequency analysis of the electromyographic signals was performed. To
remove the Power Line Interference (PLI) caused by the electromagnetic noise [240], a notch
filter was designed. The filter included the 60 Hz frequency and seven harmonics (120 Hz,

180 Hz, 240 Hz, 300 Hz, 360 Hz, and 420 Hz) and 60 dB Notch attenuation.

The baseline wander is caused by perspiration, body movements, and poor electrode contact.
The spectral content is low frequency, typically below 2 Hz [241]-[243]; therefore, a high-
pass infinite impulse response (IIR) filter of twenty order and 2 Hz cut frequency was
designed to remove baseline noise. The significant power spectrum of EMG signals ranges
is about 10 Hz and 500 Hz [244], [245], therefore, a twenty-order pass band IIR filter was
applied to the SEMG signals. Finally, the signals were full-wave rectified, smoothed and the
DC offset was removed. The root-mean-square [246] envelopes with twenty samples sliding

window length were used for the smoothing.

Time and frequency domain techniques were used for the SEMG feature extraction [247].
Temporal parameters such as the root mean square (eqg. 5.1) and mean absolute value (eq.
5.2) are indices related to the fatigue, the force exerted, and contraction force of muscles

[248], [249].
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RMS = %Zx[n]z (5.1)
(5.2)

, N is the signal length and x[n] is the SEMG sampled signal.

Variations in muscle force cause changes of frequential content of the SEMG; therefore,
spectral information was extracted from signals [247]. The muscle fatigue presence is
commonly related to a downward shift of the SEMG frequency spectrum. Hence, the
frequency at which the spectrum is divided into two regions with equal amplitude was found
(eg. 5.3). The average frequency was found by calculating the mean frequency of the power
spectral density estimate (eq. 5.4). The total power spectrum for frequencies between 10 Hz

to 500 Hz (eq. 5.5).

N
1
MDF = Ez P; (5.3)
j=1

j=1 j=1

N
TTP = Z P, (5.5)
=1

, N is the signal length, P; is the power spectral density for bin j, and f; is the frequency of

the spectrum at frequency bin j.
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Prosthetic alignment involves fitting the prosthetic load lines and the anatomical lines of the
amputee; therefore, any decompensation could produce a greater load for the residual limb
or the sound limb [24]. The muscular fatigue of the sound limb is then a fact that can occur.
It was hypothesized that prosthetic misalignment produces fatigue in the sound limb muscles;
therefore, there should see a shift of the frequency spectrum towards the low frequencies.
Hence, the high-low frequencies ratio (eq. 5.6) could provide information about the
alignment quality [55], [250]. The high-frequency bands for the lower limb muscles are
between 105 Hz and 220 Hz in consideration of the results observed in [74], [251]-[253] for
biceps femoris, rectus femoris, tibialis anterior, gastrocnemius, and vastus muscles. The low-
frequency band used was 25 Hz to 60 Hz, as suggested [254]-[257] considering motor unit

synchronization in beta and low gamma bands.

UHC ULC
LHR = Z P,-/Z P, (5.6)

j=LHC j=LLC

, LHC and UHC are the lower and upper cutoff frequencies of the high-frequency band.
5.3.3.3.  Amputee's comfort assessment.

A translation and adaptation of the Prosthesis Evaluation Questionnaire (PEQ) survey was
used [42], [43]. Seventeen questions focused on identifying information about the alignment

trials, as it is shown in the following:

Group 1. Ask for the amputees' motivation: physical exhaustion and motivation of the
amputee. Questions: (1). Rate how physically exhausted you are now. (2). Rate how

motivated you are to take this survey.

128



Group 2. Ask for the prosthetic fit: the mechanical adjustment of the prosthesis. Questions:
(3). During the last trial, rate the fitting of your prosthesis. (4). During the last trial, rate your
comfort while standing when using your prosthesis. (5). During the last test, rate how often
you felt off balance while using your prosthesis. (6). During the last test, rate how much

energy it took to use your prosthesis for as long as you needed it (making him feel tired).

Group 3. Ask for the pain level: the pain of residual limb caused by misalignments.
Questions: (7). During the last test, rate the feel pressure or heating on your stump. (8). If
you had any pain in your stump during the last test, rate how intense it was on average. (9).
During the last test, how bothersome was the pain in your stump? (10). Did you feel pain in
your sound limb during the last test, how painful was it? (11). During the last test, how
bothersome was the pain in your sound limb? (12). During the last test, had you felt back
pain, how painful was it? (13). During the last test, how bothersome was your back pain?

bothersome was your back pain?

Group 4. Ask for the frustration: social and emotional aspects of prosthetic use. Question:

(14). During the last test, estimate how often you felt frustrated with your prosthesis.

Group 5. Ask for the walking skill: the effect of misalignment on the ability to walk.

Question: (15). During the last test, rate your ability to walk using your prosthesis.

Group 6. Ask for the satisfaction level: satisfaction of the amputee with the prosthesis.
Questions: (16). During the last test, rate how satisfied you were with the prosthesis. (17).

During the last test, rate how satisfied you have been with how you are walking.
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Survey responses were averaged according to each group and hypothesis tests were applied

to find significant differences between nominal alignments and misalignments.
5.3.3.4. Ground Reaction Force.

The parameters of the ground reaction force (GRF) during gait trials were calculated
according to Methods in Chapter 4 The ground reaction force parameters during the standing
to assess the static alignment are presented in Figure 26. The magnitude of GRF components
K, F,, and F, were normalized to the body weight. The cartesian coordinates of the GRF
vector were recorded (B, P, and B;). The variability of resultant force and position
parameters was calculated using their standard deviation and the mean ratio; therefore, the
variation coefficients were named as CVy and CVp, respectively. The spanned area (A) by the

force vector was calculated while the volunteer was standing.

F;

F,

B A = mr?

Figure 26. Ground reaction force during the standing.
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5.3.4. Statistical analysis.

The Kurtosis-bias analysis and Kolmogorov-Smirnov tests confirmed the normal data
distribution. The Friedman [258] and Kruskal-Wallis [227] non-parametric statistical tests
were used to find statistically significant differences between groups with a statistical
significance of P<0.05. Furthermore, multiple comparison tests using the Bonferroni method

[228] were used. The statistical analysis included between-subjects and within-subjects.

5.4. Results.

This chapter summarizes the statistical analysis of the recorded parameters for volunteers

during walking and standing.

5.4.1. Spatiotemporal parameters.

Spatiotemporal data were not recorded during the volunteers' standing. The statistical

evaluation of the parameters is presented from different approaches:

5.4.11. Comparison between control group vs amputees’ group.

(1). Between the control group and the amputees: statistical tests did not show significant
differences for the stance phase and swing phase between the control group and transfemoral
amputees; however, the stance phase was slightly higher in amputees than control and the
opposite for the swing phase. The remaining spatiotemporal parameters were statistically
different between groups (P<0.03). The single support phase was 3.1% higher in amputees

than in the control group. The double support phase was 48.2% higher in the control group.
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The amputees' gait was 12.5% faster than in the control group, as was the cadence (15.3%).
The stride length was 22.3% longer in the non-amputees, as well as the step length (10.0%)
and the step width (64.1%). The gait deviation index was 22.7% higher in the amputees than

in the control group.

5.4.1.2. Comparison between nominal alignment and misalignments.

Between nominal alignments and misalignments: parameters of the prosthetic limb and the
sound limb were averaged, and values were compared between the nominal alignments and
the misalignments. There were no statistically significant differences between nominal

alignments and misalignments for the spatiotemporal parameters.

The results for the intact and prosthetic limbs were analyzed separately during nominal
alignments and misalignments. The sound limb did not show significant differences during
nominal alignments and misalignments. Prosthetic limb did show a difference in the mean
velocity (m/s) (P < 0.05) between alignment conditions. The stance phase in the prosthetic
side for amputees wearing a misaligned prosthesis was 80.0% faster than nominally aligned
prosthesis (P<0.05). Although not significant, the cadence was slightly higher during the

misalignments trials. No more significant differences were observed.

5.4.2. Muscular activity.

The frequency content of the electromyography was analyzed to find the signal power
distribution in the frequency spectrum. Changes in the power density of electromyography is
associated with muscle fatigue [259]; therefore, the frequency analysis was used to identify

the effect of prosthetic alignment on the muscle fatigue. The temporal and frequency
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parameters of the electromyography were compared to find significant differences between
the control and amputees’ groups during walking trials and standing. In this same line, the

amputees' group included comparison between nominal alignments and misalignments.

5.4.2.1. Results for the control group and the amputee group.

During the walking tests, the control and amputee groups showed statistically significant
differences (p <0.05) in almost all the parameters calculated for the tibial anterior muscle,
excepting the total spectrum (TTP). The temporal and frequency parameters of the tibialis
anterior were greater for the amputee’s group than the control group. Values of MNF, MDF,
LHR were higher in transfemoral amputees than the control group. The standing tests showed
significant differences between the control group and amputees on the rectus femoris for the
RMS, MAV, MDF, MNF, TTP, and LHR parameters (p <0.01). Furthermore, these

parameters were higher in the amputee group than compared to the control group.

5.4.2.2.  Results for nominal alignment and misalignments.

Comparison between nominal alignment and prosthetic misalignment in transfemoral
amputees during gait trials showed statistically significant differences for the tibialis anterior
and rectus femoris in the MDF and LHR parameters (P=0.001), respectively; however, our
results were achieved for 69.0% of alignment trials. Although the results were replicated in
a large portion of the population, they were not conclusive for the generality of amputees.
During standing, significant differences were only observed in the tibialis anterior TTP

parameter (P<0.01).
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5.4.3. Comfort assessment.

No comfort assessment was made to the control group, so no comparative results were
obtained between amputee and non-amputee volunteers. Hypothesis tests did not show
statistically significant differences between misalignments and nominal alignments based on
the questions about motivation, prosthetic fit, residual limb pain, frustration, walking skills,
and level of satisfaction; however, some slight differences could be observed in Figure 27.
The motivation level was always good, even though the alignment trials took more than six
hours. Although not significant, the boxplot graph shows a slight decrease in the prosthetic
fitting sensation during misalignments. The amputees did not advertise pain caused by the
alignment variations. The level of frustration during nominal alignment was more variable
than misalignments. The ability to walk decreased slightly during misalignments. The
satisfaction level of the prosthesis was more variable during misalignments than nominal

alignments.

In sixteen trials, amputees rated a misalignment with a level of satisfaction close to or higher
than the nominal alignment score. Since the trials were blinded and randomized, this
phenomenon could suggest that the nominal alignment perceived by the amputee is not
necessarily the same as that suggested by the prosthetist. It is normal for this to occur, for
example, when the prosthetist adjusts the prosthesis to correct gait deviations adopted by the
amputee, which undoubtedly increases the feeling of discomfort even if the gait improves

biomechanically.
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Figure 27. Boxplot of comfort assessment.

5.4.4. Ground Reaction Force GRF.

The difference between the ground reaction force of the control and amputee groups during
standing and gait trials was inspected. Additionally, the GRF outcomes of transfemoral

amputees were analyzed to find the effect of misalignments and nominal alignments.

5.4.4.1. Comparison of GRF between control and amputee groups.

The control and amputees groups did show statistically significant differences (P<0.01)
during gait trials in most of the GRF parameters, excepting Fs, Fg, F;, tg, tio, t11, Is, and

UR.

5.4.4.2. Comparison of GRF between nominal alignments and misalignments.

The comparison between the control and amputee groups during standing showed

statistically significant differences (P<0.01) for the variation coefficient of the total force
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(CVg) and position (CVp). The GRF parameters during gait showed significant differences
between nominal alignment and prosthetic misalignment; those results were presented in 0
of Chapter 4. The evaluation of the alignment effects during standing did not show
statistically significant differences between nominal alignments and misalignments for all

the parameters recorded.

5.5. Discussion.

This article aimed to evaluate the effect of prosthetic misalignment on the gait biomechanics
of transfemoral amputees. It was hypothesized that perturbations of the nominal alignment
of a transfemoral prosthesis would cause significant changes in the spatiotemporal
parameters, muscular activity, comfort, and ground reaction force during standing trials. The

information collected was processed and statistically analyzed to confirm our hypothesis.

The results for spatiotemporal data were different between the prosthetic gait of transfemoral
amputees and the normal gait. The gait speed was faster and the cadence greater on amputees
than the control group, which produced step and stride lengths shorter in amputees. A smaller
step width in amputees was observed; therefore, this could be related to an imbalance feeling
[260], [261]. Effects on the step length of the prosthetic limb for transtibial amputees have
been reported during changes in prosthetic alignment [167]. Significant changes in the stance
phase duration and single support duration in intact limbs during foot internal/external
rotations were divulged in [178], [184], and plantarflexion evidenced a bilateral symmetry
of the step length [157]. Likewise, authors in [191] found that an excessive external rotation

produced variations in stance and swing times and step length. However, we did not find
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enough evidence on the effects of misalignment on the spatiotemporal parameters of
transfemoral amputees, other than an increase in the stance phase and of the prosthetic limb
and mean gait speed during misalignments. Amputees might have found strategies to adapt
to a new alignment condition as suggested by [167], [172], [185], however, the change in the
stance phase demonstrates a certain degree of mistrust in the prosthesis while it is misaligned.

Further research is needed to find the effect of prosthetic alignment on spatiotemporal data.

The prosthetic alignment shifts the load lines of the amputee on the prosthesis; therefore, it
is hypothesized that a misaligned prosthesis produces a greater muscle load on the amputees'
intact limb than a nominally aligned prosthesis and the control group. For this reason, the
SEMG of the intact limb in amputees was compared between suitable and unfitting alignment
conditions and with the control group. The RMS value of the SEMG increased in constant-
force and fatiguing tasks [248]; therefore, results found in our research could suggest that
prosthetic gait is more fatiguing than normal gait. The increasing amplitude of the SEMG
signal-induced growth of the MAV in the amputee's group. This event has turned out to be
associated with fatigue on the muscle fiber level MAV [262]. Likewise, the MNF and MDF
increase in the amputees' group could suggest an increase of the muscle force or load [263].
The sEMG results showed a greater muscle load in the prosthetic limb of the amputees than
in the control group. The muscular activity of the sound limb of transfemoral amputees was
not affected by prosthetic aligned conditions during walking and standing trials, so our

hypothesis could not be confirmed.

Comfort is usually used as a criterion to assess the amputee’s prosthetic adaptation [264],
under this consideration, it was hypothesized that prosthetic misalignment would produce

negative effects on the amputee’s comfort. Previously, the effect of prosthetic alignment on
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transtibial amputees’ comfort was studied on [265], finding statistically significant
differences in the amputees' comfort between walking trials using prosthesis nominal aligned
and misaligned; however, researchers suggested including other prosthetic assessment
methods because the comfort had reduced reliability. Our investigation did not reveal
illuminating information in the amputee’s comfort variations by using misaligned or
nominally aligned prostheses during walking trials and standing. The slight influence of
prosthetic misalignment on amputee’s comfort could have some causes. The prosthesis used
during the experiments was donated to each amputee and they knew it. This might explain
why amputees did not criticize the prosthesis and even it could influence the comfort
assessment, even though they were advised to express their opinion. The alignment trials
were lengthy; therefore, this could influence the attention of volunteers during survey

answering.

The ground reaction force (GRF) was recorded in amputees and the control group. It was
hypothesized that misalignment or nominal alignment produced changes in GRF during
standing and gait trials. The standing trials showed high variability in the force vector
magnitude and the position of the center of gravity, which could be an indicator of a less
balanced posture in amputees than in the control group. This is reinforced by the small step
width values seen in the spatiotemporal data. In the present research, no significant
differences were observed between the two alignment conditions. Finally, according
discussed in 4.5 of Chapter 4, there were multiple significant differences between the
amputees and the control group. This was expected, because amputees feel less confident

during gait [232]. The most significant effects of misalignment and nominal alignment were
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observed in the prosthetic limb, particularly affecting the parameters I, I,, Tlyp, t1, ts, ts,

ts, to, I, Tly, LR, Bly, and PI, on the prosthetic side.

Our results could be biased for the use of a single type of socket (ischial containment) and a
prosthetic foot (Jaipur foot). The alignment tests were lengthy and strenuous for amputees,
so it could have affected the comfort survey. To improve the generalization of our results,
the diversity of prosthetic components should be greater. Future work should quantify the
magnitude of misalignment to identify the individual and collective effects of flexion-
extension, abduction-adduction, and internal-external rotations of the socket and prosthetic

foot.

5.6.  Conclusion.

In this research, the effects of prosthetic misalignment on the ground reaction force for the
prosthetic limb were confirmed during walking trials; however, did not show differences
during the standing. During prosthetic gait and standing the misalignment did not produce
significant perturbations on the amputees’ balance, comfort, and muscular activity of the
sound limb. The strategies used by the amputee to adapt gait during misalignments were
sufficient to keep the spatiotemporal parameters without significant modifications. The
prosthetic gait of the transfemoral amputees was faster, more unstable, and fatiguing than the

normal gait of the control group.
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Chapter 6.

Computational protocol to assist the prosthetist during the
alignment of transfemoral prosthesis

Contribution to Ph.D. research: This chapter fulfills objectives four and five of the thesis:
"To propose and evaluate a computational model based on the biomechanical variables
recorded during the static and dynamic analysis of the transfemoral mechanical prostheses"
and "To propose an alignment protocol to support the prosthetist during the static and
dynamic alignment of transfemoral mechanical prostheses, based on the computational
model”. This is the integrating chapter of the accumulated knowledge on the alignment
procedure directly of the amputees, prosthetists, the dataset analysis, and from the literature

review to propose a protocol for dynamic alignment of transfemoral mechanical prostheses.

The parameters recorded during static alignment were not statistically different between

nominal alignment and prosthetic misalignment, so a computational model for static
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alignment could not be described. However, during dynamic alignment, the prosthetic limb
ground reaction force showed statistically significant differences between nominal alignment
and misalignments. This allowed the identification of computational models to support

prosthetic alignment.

This chapter shows the design and validation of a protocol for alignment of transfemoral

mechanical prostheses supported by computational models.

During the study of the machine learning techniques, two articles were published (See
Appendix MLA and Appendix PKM). The article related to this chapter is being reviewed

for submission to an indexed journal.

Title of research paper: Gait parameters identification for the differentiation of

neurodegenerative diseases using classifiers.

Published in: IEEE Xplore

Cited as: A. M. Cérdenas, C. Isaza, J. Uribe, and A. M. Hernadez, "Gait parameters
identification for the differentiation of neurodegenerative diseases using classifiers," 2018
Global Medical Engineering Physics Exchanges/Pan American Health Care Exchanges

(GMEPE/PAHCE), 2018, pp. 1-5, doi: 10.1109/GMEPE-PAHCE.2018.8400751.

DOI: 10.1109/GMEPE-PAHCE.2018.8400751

Title of research paper: Parametric Modeling of Kinetic-Kinematic Polycentric Mechanical

Knee
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Published in: Springer

Cited as: Cardenas A.M., Uribe J., Herndndez A.M. (2017) Parametric Modeling of Kinetic-
Kinematic Polycentric Mechanical Knee. In: Torres I., Bustamante J., Sierra D. (eds) VII
Latin American Congress on Biomedical Engineering CLAIB 2016, Bucaramanga,
Santander, Colombia, October 26th -28th, 2016. IFMBE Proceedings, vol 60. Springer,

Singapore. https://doi.org/10.1007/978-981-10-4086-3_150

DOI: https://doi.org/10.1007/978-981-10-4086-3_150

Title of research paper: 4. Computational protocol to assist the prosthetist during the

alignment of transfemoral prosthesis.

Published in: Article in preparation

Cited as: A. M. Cardenas, J. Uribe, A. M. Hernadez, and Jesus A. Plata " 4.
Computational protocol to assist the prosthetist during the alignment of transfemoral

prosthesis,"”, 2021, pp. 1-10

DOI: NA
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6.1. Abstract.

Background: Dynamic alignment of transfemoral prostheses is a mostly subjective
procedure. Prosthetic misalignments cause gait deviations and long-term illness. The
literature does not show the use of computational models to support prosthetists during the

alignment of transfemoral prostheses.

Research objective: To propose a novel prosthetic alignment protocol for transfemoral
mechanical prostheses supported by computational models to help the prosthetist during

dynamic prosthetic alignment.

Methods: The ethics committee of the University of Antioquia approved this study. Sixteen
transfemoral amputees were recruited for the trials. Five alignment variations were evaluated,
one nominal and four misalignments. The alignment variations consisted of simultaneous
angulations of the socket and prosthetic foot in the coronal, sagittal, and transverse planes.
Eleven parameters of the ground reaction force were recorded in the vertical and
anteroposterior components. A Support Vector Machines model was implemented with a
Gaussian kernel radial basis function for the classification between nominal alignment and
misalignments. A Bayesian Regularization Neural Networks was implemented with 30
hidden layers to predict the magnitude and angle of the misalignments. The protocol for
dynamic alignment of transfemoral prosthesis was confirmed in two transfemoral amputees.

A junior and senior prosthetist evaluated the alignment protocol.

Results: The SVM accuracy to classify between nominal alignment and misalignment was
92.6%. The computational model incorrectly classified two misalignments as nominal

alignments. The Bayesian Regularization Neural Network correctly retrieved 94.11% of the
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dataset with an error of 0.51° for the socket and prosthetic foot alignment angles. The
validation of the computational prosthetic alignment protocol was tested in two amputees.
For the first amputee, the nominal alignment did not converge throughout the three iterations.
For the second amputee, the computational prosthetic alignment protocol aided the
prosthetists to achieve the nominal alignment in the second protocol iteration. The learning
curve in the use of the protocol by the prosthetists could affect the non-convergence to the
nominal alignment for the first amputee; however, prosthetists reported that the
computational protocol helped them do a better job. The protocol convergence could be
improved by the computational models retraining; however, the accuracy of angular
adjustment is perhaps affecting the convergence of the nominal alignment. Therefore, further

research should be focused on the development of more precise alignment tools.

Significance: The prosthetic alignment protocol is a computational tool that reduces the
subjectivity of classical alignment procedures and decreases the probability of gait deviations

and musculoskeletal diseases, improving the quality of life of amputees.

6.2. Introduction.

Prosthetic alignment is a procedure conducted during the adaptation of amputees to lower
limb prostheses. The goal of the alignment procedure is to adjust the prosthetic load lines
with the amputee's anatomical and biomechanical lines [16], to provide stability and
movement functionality [41]. Alignment is typically performed in three stages: assembling
and balancing the weight of the prosthesis (bench alignment), appropriately distributing the

amputee's weight on the sound and prosthetic sides in the standing position (static alignment),
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and finely adjusting the prosthesis during amputees' walking to avoid gait deviations

(dynamic alignment) [150].

Alignment is a complex procedure that relies heavily on the process iteration and the
amputee's feedback. Optimal prosthetic alignment is judged primarily by gait observations;
therefore, the subjectivity of the procedure is highly dependent on the knowledge and skills
of the prosthetist in the alignment procedures. A properly prosthetic fitting increases the
adaptation of amputees to daily activities; however, prosthetic misalignments lead to
amputees developing strategies to compensate for misalignment, which ends in gait
deviations. An improperly performed alignment procedure could cause injuries in the

musculoskeletal system and affect the amputee’s quality of life [214].

Technological devices such as biaxial tilt sensors [173], [198], [266], goniometers [33],
[157], [181], comfort surveys, Europa™ system [267], and the posture device (L.A.S.A.R.
[36]) are used as assistance tools during the alignment judgment. However, not all prosthetic
adaptation centers have access to technical support to monitor the alignment, so
computational modeling becomes a relevant strategy. especially when the efficiency of
machine learning in biomechanics has already been proven [268]-[270]. Despite this, the
computational models for the assistance of prosthetic alignment procedures have not been

widely studied.

Few authors were found in the literature working in computational models to analyze
prosthetic alignment. Luengas, et al. proposed a decision rules model to predict the center of
pressure (COP) and the hip, knee, and ankle joint angles during variations of the prosthetic
alignment in flexion-extension of transtibial prostheses during standing [271]. With the same

purpose, Camargo, et al. in [31] used the Neural Networks of Generalized Regression
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(GRNN) with 700 hidden layers, reaching a maximum error of 6.25% in the estimation of

the COP and the hip, knee, and ankle joint angles.

The classification of the prosthetic gait of transtibial amputees using correctly aligned and
misaligned prostheses was studied in [30]. The vertical (VF), horizontal (HF), and a
combination of both components (VH) of the Ground Reaction Force (GRF) were used for
training a Support Vector Machine (SVM) classifier. The linear, polynomial, and radial basis
function (RBF) kernels were evaluated. The better inter-subject accuracy was achieved with

an RBF kernel, getting 72.78% for VF, 85.56% for HF, and 88.89% for VH.

Luengas et al. in [32] and [272] presented the use of the Neural Networks (NN), Decision
Trees (TD), and the SVM to classify the standing of transtibial amputees during changes in
static alignment. The authors use 16 parameters associated with the center of pressure (COP)
on the mediolateral and anteroposterior sides. The NN was trained with 16 inputs, one output
(nominal or misaligned), and 10 hidden layers. The SVM was trained with a Gaussian kernel,
and they used a DT type C4.5 for discrete values with noise. The results were highly
satisfactory, achieving 96.22% classification accuracy for the NN and 100% in the case of

SVM and DT.

Considering the lag in computational models for prosthetist assistance during prosthetic
alignment procedure, particularly in transfemoral prostheses, this paper proposes a novel
protocol for assisting prosthetists during the dynamic alignment of mechanical transfemoral
prostheses. The alignment protocol is supported in a Vector Support Machines model with a
Gaussian radial basis function to classify between nominal alignment and misalignment
(classes) using eleven parameters of the vertical and anteroposterior components of the GRF
(predictor variables) [237]. Additionally, a Bayesian Regularization Neural Networks
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(BRNN) is trained to predict the magnitude and angle of misalignment of the socket and
prosthetic foot (Inputs) from the registration of the vertical and anteroposterior components
of the GRF (Targets). The following chapters develop the design and validation of the

computational models and the novel prosthetic alignment protocol.

6.3. Methods.

6.3.1. Subjects, methods, and measurement devices for training models.

The Ethics Committee of the Institute of Medical Research of the Universidad de Antioquia

(Medellin, Colombia) approved this research study.

The computational models were trained using a population of sixteen transfemoral amputees,
two women, and fourteen men. The population was 35.4 (+11.1) years of average age, a
weight of 65.8 (+10.3) kg, an average height of 166.7 (£7.7) cm, and a body mass index
of 23.7 (£3.0). The prosthetic devices provided to volunteers were assembled by Mahavir
Kmina Artificial Limb Center in Medellin, Colombia. A quadrilateral socket, prosthetic knee
ReMotion (D-Rev V3, USA), and Jaipur foot (BMVSS, Jaipur, India) were used to assemble

the prosthesis.

The prosthetic alignment procedure for modeling purposes followed three stages: (1) the
socket angle was randomly changed between -18.0° to 28.0° in flexion-extension, adduction-
abduction, and internal-external movements. Furthermore, the prosthetic foot alignments
were ranged between -13.0° to 11.0° in dorsi-plantar flexion, eversion-inversion, and
internal-external rotation. Alignment changes were recorded in real time with a goniometer.

The alignment angle variation of the socket and foot were taken respect to the knee and the
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shank, respectively. Furthermore, photographs of the prosthesis were taken in the anterior
and sagittal view and the Geogebra software (International Geogebra Institute, Austria) was
used to calculate the misalignment angles. The alignment variation limits were bounded to
avoid falls due to loss of balance. (2) Amputee walked for fifteen minutes on a ten meters
hallway using a self-selected walking speed. During the last five minutes, the Ground
Reaction Force of the prosthetic limb was recorded. (3). The amputee rested for twenty

minutes with the stump undressed.

The 1, 2, and 3 steps of the procedure were repeated five times. In one of the repetitions, the
prosthetist performed the optimal alignment for the amputee, which was termed the nominal

alignment. The remaining four repetitions were named misalignments.

The Ground Reaction Force (GRF) was recorded with the force platform P6000 (BTS
Bioengineering, Italy) sampling to 120 Hz. Rules and a goniometer were used to measure the
prosthetic misalignments. The Smart Clinic and Smart Analyzer software (BTS
Bioengineering, Italy) was used to capture force signals. MATLAB (MathWorks, USA) was
used to analyze the signals and training models. GeoGebra (Google) was used to digitally

measure the prosthetic misalignments.

Three footprints of the prosthetic limb were chosen. The raw data of the vertical and
anteroposterior GRF components were pre-processed in MATLAB. A total of 439 signals
were filtered using a Butterworth second-order low pass filter with a cutoff frequency of 20

Hz to eliminate the electromagnetic noise of the GRF signals.

The following prosthetic limb ground reaction force showed statistically significant

differences between nominal alignment and misalignments (see The effect of prosthetic
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alignment on the stump's temperature and the ground reaction force. (Chapter 4.).): the
braking force impulse (I3), propulsion force impulse (1,), total anteroposterior force impulse
(T1,p), duration of the stance phase (t;), duration of the braking phase (t,), duration of the
propulsion phase (tg), time to propulsion peak (t,), time to midstance valley (ty), the
impulse of terminal stance and pre-swing (Iy), the total impulse of the vertical component
(TI,), the loading rate (LR), the braking (BIy), and propulsion impulse (PI,). The set of
GRF parameters was selected for its effectiveness in the analysis of prosthetic alignment
transfemoral [237] y transtibial [30], [31]. The parameters were calculated in MATLAB for
each GRF component. The mean value of the GRF parameter was calculated using three

samples for each alignment variation.

6.3.2. Validation procedure of the transfemoral prosthetic alignment protocol.

The validation of the alignment protocol was conducted according to the scheme presented
in Figure 28. Protocol validation includes four sub-functions. The SF1 subfunction describes
the data collection and processing procedure. The SF2 describes the process performed by
the classification model and the SF3 function describes the process of the computational
regression model. Finally, the SF4 describes the prosthetic alignment fitting performed by

the prosthetist using the angles suggested by computational alignment protocol.
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Figure 28. Architecture to validate the prosthetic alignment protocol.
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The computational alignment protocol is executed three times or until the smallest
misalignment tolerance is reached. The minimum tolerance for misalignment was found from
the precision of the prosthetist's alignment angulations and the computational models'
accuracy. This error is produced by the bias between the angles suggested by the
computational alignment protocol and the precision of the angles that could be adjusted on
the adapter. The prosthetist’s error in the alignment fitting was + 1.5°. The accuracy error of
the computational protocol was + 0.5° according to the error histogram. Alignment angles
less than + 2.0° suggest that the alignment recorded is close to the nominal alignment;

therefore, the alignment procedure is ended when all angles are less than £ 2.0°.

One junior and one senior prosthetist accompany the alignment protocol validation tests. At
the testing start, the amputees walk wearing a prosthesis without dynamic alignment. The
computational models assess the ground reaction force during the amputee's gait and estimate
the recommended angles for nominally aligning the prosthesis. Prosthetists use a goniometer
to apply the alignment angles recommended by the computational alignment protocol. The

first iteration ends here.

In the second protocol iteration, the amputees walk again wearing the prosthesis aligned by
the computational alignment protocol. The amputee walks again in the hallway and the
Ground Reaction Force is measured. The junior and senior prosthetists separately evaluate
the amputee's gait performance with a score between 1 to 10. The second iteration ends here.
The computational alignment protocol analyzes the data and suggests a new adjustment of
the alignment angles to achieve nominal alignment. If the alignment angles are within the

error margin, the alignment is considered nominal, and the prosthetists are consulted for their
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opinion of the alignment. If the prosthetists and the protocol agreed, the procedure is finished,

otherwise, the prosthesis is adjusted with the new suggested angles.

The third iteration walking GRF outcomes are analyzed for the computational protocol. The
computational protocol assesses gait and shows whether the prosthesis is nominally aligned.
If the prosthetist and the computational protocol match in the gait assessment, the protocol is
ended. If they do not agree, the protocol is stopped, and fail is informed. This failure shows
that the protocol did not converge in the iterations performed, so a fourth iteration should be

performed.

During all iterations, both prosthetists assess the gait of the amputees. At the end of the
alignment protocol validation, a survey is applied to the prosthetists. The questions were the
following: (1). Rate the amputee's gait from 1 to 10 with the alignment suggested by the
model. (2). Regardless of the efficiency of this new protocol, do you consider that this type
of initiative should continue to be developed? rate the importance from 1 to 10. (3). Did the
alignment protocol allow you to do a better job? rate the importance from 1 to 10. (4). Did it
take longer to do your job with this new protocol? how long was it (in minutes)? (5). What

would you improve on the new alignment protocol?

The Mahavir Kmina Artificial Limb Center provides the prosthetist and the new prostheses
for the volunteers participating in the study. Two transfemoral volunteers were recruited for
two days to validate the protocol. The population characteristics were as follows: mean age
of 37.0 £ 11.3 years, an average weight of 59.9 + 1.6 kg, an average height of 166 + 0.0 cm

and a body mass index of 25.4 + 0.6.
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6.3.3. Computational models.

The alignment protocol for transfemoral prostheses involved finding two computational
models. The Support Vector Machines (SVM) was used to classify the GRF parameters of
amputees between gait using a prosthesis nominally aligned or misaligned. A second model
using Neural Networks estimated the misalignment angle in the socket and foot from the

GRF parameters during prosthetic misalignment.

The neural network (NN) simulates the human brain's behavior. The architecture of an
artificial neural network with feedforward multilayer perceptron and backpropagation error
uses multiple layers (g;) to describe the neuron interconnection and a set of weights (w;) to
represent the interconnection strength between neurons (eq. 6.1). Each node uses an
activation function (f); usually being the sigmoid function. Neural network learning is
achieved when a cost function (eq. 6.2) is minimized. Parameter w denotes weights, b is the
bias, N is the training examples, a is the activation output vector produced by each input x,

and v is the target output.

N
y(0) = f (Z wigio?)> +5 6.1)
1
Cwb) =55 ) Iy —alf? 62)

The Bayesian Regularization Neural Networks (BRNN) minimizes an objective function (eg.
6.3), considering a mean squared error function (eg. 6.4) and a weight attenuation function
(eg. 6.5) to avoid overfitting. The a and [ parameters are distribution control hyper-

parameters. Value of w; are the ith weight of neural network and m is the number of weights.
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N is the total number of the input-output set for training; finally, the ith output is named as

Vi

F = BEp, + aEy,y(X) (6.3)
1w I
Ep =5 ) 0n =t =g ) e (64)
1 m
Ey = zz w? (6.5)
i

The weight initialization is randomly set. Iterations of the density function (eq. 2.13) update
the weight values, in simple words, this equation describes the rate between likelihood
multiplying prior and the evidence. M is the architecture of the neural network. P(w|a, M)
is the prior knowledge of the weights. P(D|w, B, M) is the likelihood function of the data

occurrence given the weight w. P(D|a, B, M) is a normalization factor [133], [134].

P(D|w,3,M).P(w|a,M)

Pw|D,a,B,M) = pP(D|a,5,M)

(6.6)

The support vector machine (SVM) is a technique based on the statistical learning theory
proposed by Cortes & Vapnik [135]. The purpose of SVM is to find a plane to separate a
dataset into groups known a priori, maximizing the distance (margin) between the values
closest to the plane, called support vectors; however, the groups' separation is becoming
increasingly difficult when the dataset size increases; therefore, hyperplanes are used to

represent an n-dimensional plane [137].

The SVM proposes that a dataset is linearly separable if there exists a pair w, b such that the

inequality (eq. 6.7) is satisfied in (eq. 6.8). The solution is achieved when the objective
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function J(w) = 1/2||w||? is minimized. Where the training dataset is the vector x =

[x0, X4, ..., X |, the bias is labeled as b, the categories as y; and the weighted vector is w.

f)=wlx+b 6.7)

{(w-xl-+b)21 yi=1 1=1 .N 6.9)

w-x;+b)<—-1, y;=-1

The Lagrangian function is used to minimize or maximize the objective function augmented
(eg. 6.9). Parameters w and b are renowned as primal variables, and A; are the Lagrange

multipliers [138].

N
L(w,b,A) = %WTW - z AilyiwTx; + b) — 1] (6.9

i=1

The Kernel method transforms the input data to a higher-dimensional space, in which data is
linearly separable [140]. The kernel satisfied the Mercer’s theorem (eq. 6.10), where ¢ (x;)

is a function belongs to Hilbert space to project x; to a high-dimensional space [141].
K (xi,%;) = () (%)) (6.10)

The Kernel used was the Gaussian radial basis function (6.11). The solution of equation
(6.12) will allow finding the hyperplane of separation between classes subject to

YK Ay, =0for0<a; <C.

lle—ull?
K(x;, %) = ) (6.11)
N LA
mfxz A — Ezz aiajyiy]-K(xi,xj) (6.12)
i=1 i=1j=1
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6.3.4. Model validation techniques.

The K-Fold cross-validation was used to train and assess the computational models using
thirty folds were used (k = 30). For the training process, twenty-nine (29) groups of samples
were used, and the remaining group was used for validation. This procedure was repeated
thirty times and a different validation group was chosen. Finally, the best model was chosen
according to estimation error and model performances. Confusion matrices and the receiver
operating characteristic curve (ROC) were used to assess the performance of the SVM

computational model [142], [143].

6.4. Results.

This chapter divides the results achieved into three topics: the classification model, the

regression model, and the prosthetic alignment protocol.

6.4.1. Alignment classification model.

The data was divided into two categories, nominal alignments, and misalignments. A target
data matrix was built with GRF parameters for each category. The parameters chosen for the
modeling were 13,14, tq, t4, ts, ty, to, Ig, LR, Bl,, and PI,. Parameters Tl,p and T1, were

rejected in the modeling process because they were linearly dependent.

The SMV method with a fine Gaussian Kernel was used to finely detail differences between

nominal and misalignments. The dataset was divided into 80% for training and validation,
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and 20% for model testing. The cross-validation algorithm used 30 folds for training and

validation. The entire modeling procedure was performed in MATLAB.

The resultant model separated the dataset between nominal alignment and misalignment with
95.5% accuracy and a misclassification cost of four data. The confusion matrix of Figure
29(a) shows that three of the prosthetic misalignments (5.5%) were classified as nominal
alignments, and one nominal alignment was classified within the misalignments group
(1.8%). Figure 29(c) shows the set of parameters that were misclassified for a specific
alignment. The misclassified alignments corresponded to volunteers’ number two, ten,
eleven, and fourteen. In assessing the level of satisfaction with which the volunteers
evaluated the alignments that were misclassified by the model, we found some confusing
responses, i.e., in some cases the level of satisfaction when walking with a misaligned
prosthesis was close to or higher than that of the nominal alignment and vice versa in other
cases. This could mean that the nominal alignment was not optimal or that the misalignments

were too close to the angles for the nominal alignment.

Figure 29(b) and Figure 29(d) show the receiver operating characteristic curve (ROC) for the
classification model performance, relating the information of false positive and true positive
rates. The value of the area under the ROC curve (AUC) is 0.98 in Figure 29(b) and Figure
29(d), indicating that the model correctly predicts 98.0% of the misalignments and nominal

alignments.
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Figure 29. Validation charts of the classification model performance for the support vector machines.

The SVM with a Gaussian kernel was used for classification exercises between nominal
alignments and misalignments. The SVM model was computationally validated using the
remaining 20% of the dataset (testing data). The testing validation resulted in 92.6%
accuracy, reducing by 2.9% of the cross-validation accuracy. Two misalignments were

incorrectly classified as nominal alignments.

6.4.2. Prosthetic misalignment model.

The Bayesian regularized artificial neural networks were used to identify a computational
model to estimate the misalignment angle of the socket and foot in transfemoral prosthesis
using the ground reaction force parameters of the prosthetic limb. The neural network

training was performed in MATLAB with the architecture shown in Figure 30.
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Figure 30. Neural network architecture.

The input vector is composed of eleven GRF parameters, the same used for the classification
model. Formulation of the output vector involved calculating the error and the magnitude of

the socket and prosthetic foot misalignment respecting the nominal alignment (eg. 6.13).

_MESAP_ [SMAP] [SNAP]

MEsML SMyL SNmL

MESIE _ I SMIE I I SNIE I

MEFAP - FMAP FNAP (6.13)
MEFML lFMML] lFNML]

MEFIE FMIE FNIE

—_—
Misalignment error Nominal Alignment  Misalignment

For the model identification process, 70.0% of the dataset was used for training, 15.0% for
validation, and 15.0% for testing. The best model fitting was achieved for thirty hidden layers
and the results achieved are observed in Figure 31. The neural network during training the
computational model recovered 100% of the data. Model could recover 94.11% of data,
Figure 31(a) shows the validation chart. The model response for testing data (Figure 31(b))
shows a smaller amount of information recovered (77.27%). The error histogram chart

(Figure 31(c)) shows that all the error is concentrated in values close to 0.51 ° between the

estimated value and the real value.
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Figure 31. Results of the neural network trained.

6.4.3. Prosthetic alignment protocol.

The prosthetic alignment protocol explained in 6.3.2 was carried out in the Mahavir Kmina
artificial limb center for two days. Validation results are presented for each amputee in Table

5.
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. Prosthetic alignment score
No. | Iteration Angles g
Junior Senior
1 SAP == 1.80F SML - 8.30 Add SIR == 5.90 ER 4 3 3 4
Fap = 44°PF  Fy, =27°Ev  Fjp =59°IR ' '
1 ) Spp=22°F Sy, =13°Add S,z =1.3°ER - 6.2
Fap = 8.1PF°PF  Fy, =3.0°Ev  Fjg =5.7°IR ' '
3 [ Syp =24°F Sy, = 1.4°Add  S;r = 0.7° IR] 26 8.4
|Fup = 1.2° PF Fy, =3.1°Ev  Fjp = 1.1° IR| ' '
1 [ Sup = 14°F Sy, = 0.8°A4dd S,z = 0.3° ER] - 25
|Fyp = 0.6°PF  Fy, =2.0°Ev  Fz = 0.1° IR ' '
[ SAP = 0.7O SML = 0.70 Add SIR = 0.20 IR-
2 2 |Fyp = 0.1°DF  Fy, = 2.0°Ev  Fip = 0.8° IR 98 94
3 - ; -

Table 5. Performance of prosthetic alignment protocol.

For the socket, the initials F, E, Add, Abd, ER, and IR refer to Flexion, Extension, Adduction, Abduction, External Rotation,
and Internal Rotation, respectively. For the foot, the initials PF, DF, Inv, Ev, ER, and IR refer to dorsiflexion, plantar flexion,
inversion, eversion, external rotation, and internal rotation, respectively.

For amputee number 1, the protocol iterated three times, not reaching nominal alignment.
The patient reported not having ingested alcoholic drinks for 48 hours before the test. The
amputee did not inform any difficulty during the protocol execution. The prosthetists had
difficulties adjusting the angles in the first iteration; however, they rapidly learned to perform
the angulations. The computational protocol indicated a misaligned prosthesis in the first
iteration outcome. Prosthetists rated the amputee's initial gait at 3.9. In the second iteration,
the prosthetists rated the alignment suggested by the model with 5.7. In the last iteration, the
prosthetists scored the gait at 8.0. The prosthetists and computational protocol matched in
the prosthetic misalignment for all three iterations, and the computational protocol could not

align the prosthesis nominally throughout the iterations.

The second amputee communicated not having consumed alcoholic drinks 48 hours before

the test. The amputee did not communicate difficulties during the walking tests. In the first
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iteration, the prosthetists rated the initial gait at 6.7. Prosthetists and computational protocol
agreed that the prosthesis was misaligned, so the computational protocol suggested a new
angulation for the prosthetic components (Table 5 — second amputee — first iteration). The
computational alignment protocol reached the nominal alignment in the second iteration and
the prosthetists matched with the protocol outcome. The prosthetist ranged the amputee’s

gait at 9.6.

The alignment protocol validation was assessed by a survey answered by the prosthetists
(Figure 32). The prosthetists on average scored 8.18 on the prosthetic gait after applying the
computational alignment protocol. The natural amputees' gait patterns affected gait quality;

therefore, the correction of gait deviations should be done with a posterior treatment.

I Prosthetist Senior
B Prosthetist Junior
Top score

10

Q, Q, Q

Figure 32. Opinion survey of the prosthetic alignment computational protocol.

The Q4, Q,, and Q5 labels refer to questions of the survey. The scale of Q;, @, and Q5 are between zero to ten

Prosthetists scored 8.52 to this kind of computational assistance of the prosthetic alignment

and they stated that the alignment protocol allowed them to do a better job, rating it with an
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8.58. The senior prosthetist said that the protocol made him take 37 minutes longer than usual

and the Junior prosthetist stated that computational protocol did not take him longer.

6.5.  Discussion.

The objective of this thesis was to propose an alignment protocol to support the prosthetic
alignment assessment of transfemoral amputees. Two computational models were found to
identify the nominal alignment and the prosthetic misalignment grade from the ground
reaction force of the prosthetic limb of transfemoral amputees. The efficiency of the ground
reaction force to evaluate the alignment effects in the gait of amputees was supported in
diverse works. For transtibial amputees, effects have been identified in the terminal phase of
stance [189], changes in the braking impulse on the prosthetic side and sound limb [215],
differences in the loading on the contralateral limb between misalignments and nominal
alignments [216]. Few studies focused on transfemoral amputation have been reported in the
literature. For instance, Zhang et al. [217] identified alterations in the intact hip and knee
joint moments during prosthetic misalignments. In [237] found that socket and foot
misalignments mostly affect the performance on the prosthetic side than the intact side,
suggesting GRF parameters on which the effects are particularly observed. Despite the lower
evidence of GRF effects in transfemoral amputees [273], the results of our classification
model confirm that the behavior of the prosthetic limb changes between nominal alignment

and misalignments for transfemoral amputees.

The literature shows few references to the prosthetic alignment computational models. The
works proposed by Luengas, et al. and Zhang et al. presented classification and regression

models of prosthetic alignment in transtibial amputees; however, our information search did
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not recover research for the computational models for transfemoral prostheses alignment.
Zhang, et al. in [30] proposed a classification model using SVM with a Radial Basis Function
(RBF) kernel to detect automatically the misalignment of transtibial prostheses through
ground reaction force (GRF), achieving 88.89% accuracy. Luengas, et al. used SVM, neural
networks (NN), and decision trees (DT) to detect between nominal alignment and prosthetic
misalignments between five transtibial amputees during the standing [32], [272]. The SVM
and DT models differentiated between alignments with accuracy 100%. The NN reached
96.2% accuracy. Our classification model using support vector machines (SVM) with a
Gaussian kernel reached 95.5% accuracy in the alignment classification of the transfemoral
amputees during gait. A false-negative rate of 5.5% was achieved for the misaligned gait
classification and 1.8% for the gait with nominally aligned prostheses. The result of our work

is comparable with the Zhang, et al. and Luengas, et al. research.

The Bayesian regularized neural networks proposed in our article reached 94.11% accuracy
to estimate the magnitude and direction of prosthetic misalignment of transfemoral
prostheses in flexion-extension, abduction-adduction, and internal-external rotation of the
socket, and dorsiflexion-plantarflexion, inversion- eversion, and medial-lateral rotation of
the prosthetic foot. Camargo, et al. and Luengas used Generalized Regression Neural
Networks (GRNN) to estimate joint ranges and center of pressure in ipsi and contralateral
sides using socket flexion-extension alignment angles in a transtibial prosthesis [31], [271].
The model found had maximum approximation errors of the 6.25% order. Although the
model's results are not comparable, due to the type of amputation (transtibial and

transfemoral) and the type of alignment (static and dynamic), this research is a great advance
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for the adaptation of amputees and minimization of subjectivity in the prosthetic alignment

process.

The computational prosthetic alignment protocol worked for all amputees recruited for
validation; however, for the first amputee recruited the nominal alignment did not converge
during the three iterations. This could be due to the precision of the prosthetists in adjusting
the angles suggested by the computational protocol, however, surely the fourth iteration
could have adjusted the alignment to achieve nominal gait. As well, the learning curve in the
use of the protocol by the prosthetists could affect the non-convergence of the nominal
alignment. In the second protocol validation session, prosthetists were more skilled in the
alignment’s adjustments, so the nominal alignment was achieved in the second iteration. The
computational prosthetic alignment protocol assisted the prosthetists during the alignment
procedure and allowed them to perform a better job. As prosthetists become more proficient
in the alignment protocol, the results should be more satisfactory. The rate of convergence
of the protocol could be improved by retraining the computational models with a larger
dataset; however, the accuracy of angular adjustment is perhaps affecting the convergence of
the nominal alignment. Therefore, further research should be focused on the development of

more precise alignment tools.

For validation of the alignment protocol, the same population of amputees used for modeling
was called upon, which is a limitation in the evaluation of the model. To minimize the impact
of this limitation, a new prosthesis was built for each registered amputee, i.e., a new socket
was manufactured, and all prosthetic components were replaced. Considering that the
nominal alignment is not unique, as it depends on the characteristics of the amputee and the

prosthesis, the models were confronted with different data and situations for which they were
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trained. This gives a certain degree of confidence in our results; however, the protocol needs

to be validated with more volunteers to be further optimized.

The most important limitations of the alignment protocol consider a few aspects. The
judgment of a nominal alignment was decided for only one senior prosthetist, so the protocol
generalization could be compromised. The use of specific types of a prosthetic foot (Jaipur
foot), a socket (ischial restraint), a polyaxial knee (automatic locking, D-Rev), among other
specificities, also limits the protocol scope. All transfemoral prostheses were manufactured
by the Mahavir Kmina Artificial Limb Center, so there is a bias in the construction procedure;
however, Mahavir Kamina's prosthetists have fitted more than 5,000 amputees, so they have
sufficient experience in prosthetic manufacturing. The alignment protocol was evaluated in
transfemoral amputees wearing prosthesis with polyaxial knee; however, the protocol could
be evaluated in prostheses with monocentric knees with pyramidal adapters. Future studies
should evaluate the efficacy of the protocol in other types of prostheses. Finally, the
amputees' skill to adapt their gait patterns and to accommodate to misalignments is complex
bias [274][275]; however, the walking trials were carried out in short times to minimize the
probability of this phenomenon occurring. The results obtained by the alignment
classification model and the misalignment estimation model for transfemoral amputees are a

significant advance in the state of the art.

6.6.  Conclusion.

Regardless of the result of this research, developing computational alternatives to reduce the
subjectivity in the prosthetic alignment procedure should be an important study matter in
future research. The complexity of the experiments, the intra-individual variability, and the
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wide possibility of prosthetic devices present challenges for the scientific community, but
the computational power could overcome these restrictions. As computational power
increases, the strengthening of alignment protocols such as the one discussed here could solve

the complexity of the prosthetic alignment process.

The accuracy of the prosthetic alignment angles is perhaps one of the greatest uncertainty
inducers during the nominal alignment convergence; therefore, further research should be

focused on the development of more precise alignment tools.
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General conclusions.

This thesis presented a novel prosthetic alignment protocol based on a cross-sectional study
of sixteen patients with transfemoral amputation. Random variations of alignment were
performed between -18.0° and 28.0° flexion-extension, adduction-abduction, and internal-
external rotation of the socket. Alignment of the prosthetic foot was varied between -13.0°
and 11.0° in dorsal-plantar flexion, eversion-inversion, and internal-external rotation.
Twenty-eight Ground Reaction Force parameters, twelve spatiotemporal parameters, six
electromyography parameters, nineteen stump temperature parameters, and seventeen
comfort questions were recorded. Statistical analysis showed significant differences for the
prosthetic limb between correctly and incorrectly performed alignments. Computational
models were proposed using the prosthetic alignment descriptor parameters, resulting in an
alignment protocol that assisted the prosthetist during alignment with a success factor of

88.0%.

During static alignment, the amputee's recorded standing data were evaluated. No significant

differences were observed between nominal alignment and prosthetic misalignment in
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transfemoral amputees. As a result, no variables describing the static alignment procedure
could be proposed, so it was not possible to include static alignment in the alignment
protocol. Previous literature shows a static alignment protocol for transtibial amputees,
however, the loss of the knee during transfemoral amputation imposes major mobility

restrictions on the amputee.

The orthopedic specialist was a key player in the alignment procedure. This person must
evaluate the parameters reported by the gait and standing analysis systems, the anatomical
and biomechanical characteristics of the amputee, the prosthetic performance, the amputee's
feedback of the prosthesis usefulness, and observation of the entire procedure. The clinical
diagnosis of prosthetic alignment depends on the skills and experience of the prosthetist to
evaluate this information. The variability and subjectivity of the alignment procedure imply

a high probability of error.

The data analysis developed in this thesis showed that transfemoral amputees did not
significantly change the behavior of the sound limb during alignment variations, whether
standing or walking. The prosthetic limb did not show significant differences between
subjects for most of the parameters recorded during standing and walking, except for the
ground reaction force during walking exercises with misaligned and nominally aligned
prostheses. This showed that despite the amputee's skills for adapting to new alignment
conditions, the misalignment produced changes in the force distribution between lower
limbs. These gait patterns were complex to detect visually, but computational models were

effective tools for detecting this type of misalignment.

Electromyography frequency analysis revealed a degree of prosthetic limb fatigue when the
amputee was using a misaligned prosthesis. The results were not representative for the entire
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population of transfemoral amputees, so this parameter was not included in the alignment
protocol. It is likely that the amputee's skills to compensate for the gait patterns during
alignment changes could minimize the effect of alignment on muscle activity. In our research
we were restricted in the number of muscles recorded, since our equipment had only four
channels. Therefore, normalized electromyography of the sound limb and residual limb

should be further studied, considering a larger number of muscles.

In this thesis, a comfort survey instrument based on the Prosthesis Evaluation Questionnaire
(PEQ) was used. The analysis of the comfort surveys was not satisfactory, because no
significant differences were observed between nominal alignment and misalignments. The
alignment trials took an average of 8 hours for each amputee, so rest times were given to
avoid volunteer fatigue; however, it was seen that in some cases amputees filled out the
comfort survey with a lower degree of commitment, possibly due to the duration of the tests.

Fatigue could have biased the results obtained from the comfort surveys.

In some cases, we observed that the amputee's opinion did not match with the diagnosis of
optimal prosthetic alignment. This phenomenon was produced because the prosthetist
adjusted the prosthesis to correct gait deviations previously adopted by the amputee;
however, the variability and subjectivity of the procedure could cause the prosthetist to have
failed to achieve nominal alignment. This helped to prove that nominal alignment is not
unique and depends on the specific characteristics of each amputee's prosthetic fitting.
Preliminary results obtained in this thesis proved that, despite the variability of nominal
alignment, computational models broke the between-subject variability to find gait patterns

of nominally aligned prostheses and supported the alignment of transfemoral prostheses.
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The effect of prosthetic misalignment was masked in most of the spatiotemporal data. This
phenomenon has been widely reported in previous research, so the results achieved in this
thesis reinforce this argument. However, the gait speed and stance phase of the prosthetic
limb tended to be faster during gait with misaligned prostheses, which could signify a lower
level of confidence in the prosthetic limb. Future work should contrast comfort with

spatiotemporal data to analyze amputee adaptability.
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Appendix RP.

PROTOCOLO DE REGISTRO DE DATOS

El siguiente documento describe el protocolo y los instrumentos que seran utilizados para el
registro de informacion personal, médica y antropométrica de los voluntarios, los criterios de
inclusion-exclusién, los protocolos de registro de electromiografia, la captura de movimiento
para el andlisis de marcha, gasto metabolico y la grabacion con la cAmara térmica.

DESCRIPCION GENERAL.

Este estudio busca registrar un conjunto de variables de una poblacion de adultos sanos y con
amputacion de tipo transfemoral, con el fin de determinar un protocolo que permita la
alineacion de protesis transfemorales. El registro de datos se realizard en dos tiempos
diferentes, por lo que se solicitara informacion de contacto. Se capturaran sefiales de
electromiografia superficial, se realizara un andlisis de marcha utilizando camaras infrarrojas,
se registrara el gasto metabdlico y se medira la temperatura del mufién utilizando camaras
térmicas. El voluntario debe responder al siguiente cuestionario para definir si cumple con
los criterios de inclusion.

Descripcion del mecanismo de captacién de los participantes

La poblacion seleccionada a participar en el presente estudio incluye adultos sanos y adultos
con amputacion de tipo transfemoral. El registro de pacientes amputados se realizara bajo la
supervision de la Fundacién Mahavir-Kmina. Para los pacientes sanos, como valores de
control, se registraran las sefiales electromiograficas de las extremidades y se realizara la
captura de movimiento.

Procedimiento de registro de pacientes amputados.
Cada paciente deberd manifestar su interés de participar en la investigacion.
Los pacientes interesados deberan responder a los criterios de inclusion y exclusion.

Los datos de los items 3-5, se recolectaran en el dia 1 de la visita a Mahavir-Kmina. Luego
de cumplir con los requisitos, se recolectaran datos de contacto.

1



Nombres:

Apellidos:

Direccion:

Ciudad de residencia:

Municipio de residencia:

Teléfono:

Correo electrénico:

Edad (afos):

Género:

Luego se registrara informacion antropométrica. La medicion antropométrica se debe realizar
en una camilla, con el paciente en ropa interior y relajado sobre esta.

Peso (Kg):

Altura (cm):

indice de Masa Corporal
(IMC):

Longitud Miembro Inferior
sano:

Esta distancia se mide desde la espina iliaca hasta el maléolo
medial (pasando a través de la rodilla)

Ancho de pelvis:

Con el paciente acostado supino, se asegura que la pelvis esté
correctamente alineada. Identificar los puntos anterior y
posterior de las espinas iliacas y se mide la distancia entre estas
con el pelvimetro. (escala superior cm)

Altura de la pelvis:

Para medir esto se siguen 3 pasos:
Identificar el trocanter mayor.

Se flexiona la cadera del paciente a su maxima flexion de la
extremidad.

Se rota la cadera hacia adentro-internamente.
Se ubica el trocanter mayor con los dedos (protuberancia ¢sea)

Se marca el punto con un lapiz de maquillaje.




Se deja extendida la extremidad.

Ubicar el plano horizontal que pasa a través del trocanter
mayor.

Se utiliza la regla larga para cruzar a través del trocanter mayor.
La regla debe quedar de forma paralela a la camilla.

La regla més pequefia se ubica perpendicularmente al plano del
trocanter.

Se ubica la regla entre la espina iliaca anterior superior y el
plano del trocanter.

Medir la altura entre la espina iliaca anterior superior y el plano
del trocanter.

Se deja fija la regla pequefia y la regla larga se ubica
paralelamente a la espina iliaca anterior superior.

Se mide la distancia.

Para corroborar la medicion, se verifica que la altura de la
pelvis y el diametro de los tobillos sean similares (<2cm).

Altura de la rodilla:

Con el paciente en supino, se flexiona la rodilla a 90° y se
verifica con el gonidbmetro. Se mide todo el segmento, desde
parte externa del muslo, paralelo al peroné, pasando por el
tobillo hasta la planta del pie.

Ancho de la rodilla:

Se flexiona la rodilla para ubicar el epicondilo lateral y el
medial. Estas prominencias 6seas se palpan con la mano. Luego
se mide el ancho de la rodilla utilizando el pelvimetro.

Ancho del tobillo:

Con el paciente en la camilla, se flexiona la rodilla y se palpa
la articulacion del tobillo para ubicar los maléolos lateral y
medial. Finalmente se debe medir con el pelvimetro.

Circunferencia del tobillo:

Se mide con el metro flexible el didmetro de la pierna arriba del
tobillo.

Circunferencia de
pantorrilla

Se mide con el metro flexible el diametro de la pantorrilla.

Largo del pie sano (cm):

Se mide desde el talon hasta la punta del dedo grueso.

Ancho del pie sano (cm):

Se mide la parte méas ancha del pie.




Circunferencia pélvica: Diametro del vientre medido rodeando las espinas iliacas.

Luego se registrara informacion antropométrica. La medicion antropométrica se debe realizar
en una camilla, con el paciente en ropa interior y relajado sobre esta.

Fecha de amputacion:

Dia/ mes / afio

Lado de amputacion:

Izquierdo / Derecho

Estado del muiion:

Angulo de flexion del mufion:

Con el paciente de pie, se usa el goniémetro para medir
el angulo de inclinacion del fémur en relacién con la
linea vertical anatomica del cuerpo (usar laser o
plomada), estando en la maxima posicion de extension,
pero sin rotacion pélvica.

Angulo de aduccion del mufion:

Con el paciente de pie, se usa el goniémetro para medir
el angulo de inclinacion del fémur respecto a la linea
vertical, con la pelvis alineada horizontalmente y el
fémur en la posicion de aduccion tan horizontal como
sea posible.

Dimensién A-P del mufién:

Se ubica la tuberosidad isquiéatica, palpando en la parte
inferior de la nalga cuando el muslo esté flexionado.

Se mide desde la parte anterior del tendon del aductor
largo al punto mas inferior de la tuberosidad isquiatica.

Perimetro del mufién:

Se mide horizontalmente, a nivel isquidtico y a
intervalos de 5 cm. por debajo de este mismo nivel.

Longitud del mufién:

La longitud del mufién se mide desde la tuberosidad
isquidtica o el trocanter mayor hasta el extremo
carnoso (a esto se conoce como longitud actual).

Longitud del mufién efectivo (long.
Fémur)

La longitud del mufidn efectiva se mide desde la
tuberosidad isquiatica o el trocanter mayor hasta la
extremidad de hueso.




Se deberan realizar algunas mediciones de la protesis, luego que termine de ser construida.

Longitud de la protesis:

Longitud del encaje:

Longitud de la extremidad con
protesis:

Altura de unidad articular:

Largo pie protésico:

Ancho pie protésico:

Largo pie sano:

Ancho pie sano:

CRITERIOS DE INCLUSION Y EXCLUSION

El siguiente cuestionario busca evaluar los criterios de inclusion o exclusion para tener en
cuenta en el proyecto de investigacion. Solicitamos su colaboracion contestando las
siguientes preguntas.

Sl NO

¢ Es usted mayor de edad y menor de 50 afios?

¢Posee historial clinico de enfermedades d&seas, cardiacas,
respiratorias o problemas de diabetes?

¢Ha consumido alcohol en las Gltimas 48 horas?

¢Consume con algun tipo de droga o alucindgeno?

¢Sufre de vértigo u otro problema que le afecte el equilibrio?

¢Se encuentra bajo tratamiento médico?

¢ Toma actualmente algiin medicamento que le produce mareos?

¢Se encuentra en estado de embarazo o proyecta estarlo en los
préximos 8 meses?




Los voluntarios que cumplan alguno de los criterios de exclusion no seran tenido en cuenta
en el registro de los datos. A los voluntarios que continten el proceso se les pedird que
respondan a las siguientes preguntas que recogen datos personales y antropométricos.

PROTOCOLOS Y EQUIPOS AUTILIZAR

A continuacidn, se da explicacion del procedimiento que se seguira para realizar el registro
de los datos y los equipos que se utilizaran para esto.

PROTOCOLO DE ANALISIS DE MARCHA

El analisis de marcha estudia la biomecanica, la dinamica y las variables espacio-temporales
de los movimientos del cuerpo durante el desplazamiento erguido sobre diferentes
superficies.

El cuerpo humano puede modelarse aproximando sus partes en enlaces rigidos
interconectados mediante puntos de articulacion, para lo cual se utilizan diferentes técnicas.
El uso de camaras infrarrojas y marcadores refractivos permiten realizar esta aproximacion,
por cual es muy importante definir los lugares en los que se deben localizar los marcadores
reflectivos.

Los protocolos para ubicar los marcadores son diversos, sin embargo, el protocolo
modificado Helen Hayes [1] y Davis [2] son comUnmente utilizados para el andlisis de
marcha sana y protésica. En la figura 1 se ejemplifica la ubicacion de los marcadores en el
protocolo Helen Hayes. Este utiliza 15 marcadores reflectivos que son captados por 6
camaras infrarrojas ubicas de tal manera que graban en 3D el cuerpo del voluntario. Los
marcadores reflectivos cuentan con una cinta ultradelgada y estéril que se usa para adherirla
al cuerpo.

Cada uno de los marcadores se pone paralelamente en cada extremidad comenzando desde
los pies a la pelvis. Se suministrard a cada voluntario una cuchilla de afeitar nueva que se
desecharé luego de su uso. Al final de la prueba se suministrara vaselina para que se aplique
en las zonas depiladas.

Uno de los investigadores acompafiado de personal de Mahavir Kmina realizaran la
ubicacion de los marcadores en el cuerpo del voluntario. Para tener contacto con el voluntario



se utilizaran guantes médicos plasticos desechables. Se ubicaran cada uno de los siguientes
puntos de referencia o prominencias 6seas: quinto metatarso, maléolo lateral, cabeza del
peroné, epicondilo lateral, cabeza del trocénter, espina iliaca anterior de la izquierda y de la
derecha, la vértebra S1 vy la vértebra C7.

. Metatarso derecho.

. Talén derecho.

. Tobillo derecho.

. Tibia derecha.

. Rodilla derecha.

. Muslo derecho.

. Cresta iliaca derecha
. Metatarso lzquierdo.
. Talén izquierdo.

10. Tobillo izquierdo.
11. Tibia izquierda.

12. Rodilla izquierda.
13. Muslo izquierda.
14. Cresta iliaca izquierda.
15. Sacro.

L oo Nk WN PR

a. Ubicacion de los marcadores sobre los miembros inferiores.

b. Ubicacion de los c. Ubicacion de los d. Ubicacién de los
marcadores sobre una marcadores sobre el pie. marcadores sobre el pie
proétesis transfemoral protésico.

Figura 1. Protocolo Helen Hayes para la captura de movimiento.



Los marcadores se ubicaran de la siguiente manera. A la altura de la pelvis, los marcadores
7'y 14 se ubican a la altura de la espina iliaca anterosuperior derecha e izquierda. El marcador
15 se ubica sobre la union de la quinta vértebra lumbar y el hueso sacro. A la altura de la
mitad del fémur en el muslo izquierdo, se ubica el nimero 13. En el caso de una miembro
protésico, este se colocara paralelamente en el encaje. En la rodilla derecha, sobre el
epicondilo lateral se ubica el numero 5. Para el caso de una rodilla protésica, el marcador
seré ubicado paralelamente a la extremidad sana. En la mitad de la tibia izquierda se adhiere
el nimero 11. Para el tobillo, a la altura del maléolo lateral se ubica el nimero 10. Sobre el
tobillo el nimero 9 y en el quinto metatarso se ubica el 8. De igual forma se realiza sobre el
pie protésico.

En el protocolo Davis se utilizan 22 marcadores. La ubicacion se realiza siguiendo el
procedimiento anterior. La ubicacion se debe realizar en el miembro izquierdo y derecho de
la siguiente manera: Un marcador se ubica sobre el quinto metatarsiano, un marcador sobre
el talon, otros sobre el maléolo lateral, la cabeza del peroné, el epicondilo femoral lateral, la
cabeza del trocéanter, sobre la espina iliaca anterior superior, un Unico sobre el sacro (vértebra
S1), sobre el acromion y finalmente un Unico marcador en la vértebra C7.

Las imagenes captadas por las camaras son enviadas a un computador que utiliza el software
Smart Analyser (BTS) para determinar la posicion exacta del marcador y realizar un analisis
espacio-temporal de la marcha del voluntario.

Las siguientes imagenes de referencia muestran los equipos que seran utilizados para la toma
de datos y algunas gréaficas que se obtienen del software de analisis de marcha.

a. Camaras infrarrojas. b. Marcadores reflectivos.
Figura 2. Imagen de referencia los equipos de la marca BTS para el registro de movimiento.
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Figura 3. Imagen de referencia de los resultados del analisis de marcha.

PROTOCOLO DE ELECTROMIOGRAFIA

El registro de electromiografia se realiza sobre un solo miembro para que las medidas puedan
compararse con amputados. Los datos se registran sobre un conjunto de musculos de la pierna
y el muslo, debido a su importancia para la marcha, sugeridos en [3]. Se utilizan 4 canales
del equipo de electromiografia Mobi.

De la pierna:

e Tibial Anterior (TA): Dorsiflexién del tobillo e inversién del pie.
e Gastrocnemio medial (GM): producen flexion plantar del pie y en menor proporcion,
flexion de la pierna.

Del muslo:
Isquiotibial:

e Biceps Femoral (BF): Extiende el muslo, flexiona la pierna y la rota lateralmente
cuando la rodilla cuando esta flexionada.

Cuédriceps: Extensor del miembro inferior

e Recto Femoral (RF): Musculo biarticular que flexiona el muslo y genera extension
de la rodilla.

Para ubicar los electrodos se sigue el siguiente procedimiento sugerido por BTS [4] basado
en las referencias [3], [5] y [6]. Para el analisis de marcha se registran los musculos de la
pierna y del muslo. A continuacion, se presenta el procedimiento completo seguido por BTS,
para el cual se utilizan imagenes de referencia tomadas del video explicativo [7].



Para los muasculos de la pierna:

e Se pide al paciente que se recueste sobre una camilla.

e Se pide que flexione la rodilla 80° para identificar la cabeza del peroné.

e Se identifica el borde inferior del maléolo lateral.

e Se mide con un metro la distancia entre los puntos. La distancia se divide en 1/4 y se marcan
los puntos proximal y distal.

e Se marcan los puntos que se observan en la fotografia.

Figura 4. Ubicacion de puntos.

Mientras el paciente flexiona la rodilla, se identifica en la cresta anterior de la tibia en el En
el ¥ superior de la pierna. A 1cm aproximadamente del punto se ubica el electrodo en el
tibial anterior.

Figura 5. Ubicacion del tibial anterior.

Para ubicar gastrocnemio medial, se pide que el paciente en supino y con la rodilla extendida,
se marcan en el ¥ superior de la pierna el punto medial y lateral, como se aprecia en la foto.

a) Ubicacion del gastrocnemio medial.
Figura 6. Ubicacion del Gastrocnemio.
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Para los musculos del muslo:

Con la extremidad extendida, se traza una linea sobre el borde superior de la rodilla. Luego
se marca la espina iliaca anterior superior. Se mide la distancia completa y se divide entre 2.
En este punto se adhieren los electrodos del recto femoral.

7

Figura 7. Ubicacion del recto femoral.

Para el biceps femoral, se debe sequir la linea entre la tuberosidad isquiatica y la cabeza del
peroné. Medir la distancia y dividirla entre 3. Se marca el tercio distal y alli se adhieren los
electrodos en este punto.

Figura 8. Ubicacion del biceps femoral.

PROTOCOLO DE CAPTURA INFRARROJA

El registro de la temperatura del mufion se realizara mediante la cdmara térmica GOBI 640
que puede apreciarse en la siguiente fotografia. Antes de iniciar las pruebas de alineacion el
paciente reposara por un tiempo de 20 minutos, sin protesis, y se capturaran 4 fotografias del
mufién: lateral, medial, anterior y posterior, para conocer la temperatura de referencia del
miembro residual sin ningln esfuerzo.

11



Figura 9. Cdmara Térmica GOBI 640.

El voluntario, luego de una prueba de alineacion, deberd retirarse la protesis e
inmediatamente después se tomaran 4 fotos del mufion: de vista lateral, medial, anterior y
posterior.

FORMATO DE RECOLECCION DE DATOS

Los siguientes datos se utilizaran anicamente para clasificacion y contacto del voluntario
durante el registro de los datos. Esta informacion se solicitara en dos ocasiones, durante la
recoleccion de informacion para la construccion del protocolo y durante la validacion del
modelo.

Informacién de contacto

Nombres:

Apellidos:

Direccion:

Ciudad de residencia:

Municipio de residencia:

Teléfono:

Correo electrénico:

Edad (afios):

Género:
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Informacion de antropométrica

Peso (Kg):

Altura (cm):

indice de Masa Corporal (IMC):

Longitud Miembro Inferior sano:

Circunferencia pélvica:

Ancho de pelvis:

Altura de la pelvis:

Altura de eje de rotacion de la rodilla:

Ancho de la rodilla:

Didmetro de la rodilla;

Altura de eje de rotacion de la rodilla:

Ancho del tobillo:

Diametro del tobillo:

Circunferencia de pantorrilla

Talla pie sano (cm):

Longitud de miembro sano:

Informacién del miembro residual.

Fecha de amputacion:

Lado de amputacion:

Estado del muiion:

Angulo de flexion del mufion:
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Angulo de aduccion del mufion:

Dimensién A-P del mufién:

Perimetro del mufién:

Circunferencia pélvica:

Longitud del mufion:

Informacion de la protesis.

Longitud de la protesis:

Longitud del encaje:

Longitud de la extremidad con
protesis:

Altura de unidad articular:

Largo pie protesico:

Ancho pie protesico:

Largo pie sano:

Ancho pie sano:
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Appendix IC.

FACULTAD DE
MEPICINA
. ACTA APROBACION PROYECTOS g‘g?;%g

UNIVERSLDAD VERSION
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Acta de aprobacion No. 008

Nombre del proyecto: “Evaluaciéon de estrategia combinada para mejorar la adherencia de sujetos
amputados por artefactos explosivos (AEl) al uso de protesis de miembros inferior de bajo costo”.

Investigadora Principal: Juliana Uribe Pérez

Version No 1
Enmienda revisada: NO
Fecha de aprobacion: 24 de mayo del 2018

El Comité de Etica del Instituto de Investigaciones Médicas se constituyé mediante Resolucion del
Consejo de Facultad en reunion del 30 de mayo 2008, acta 177 y esta regido por los principios éticos
vigentes en la Resoluciéon 003480 del 4 de octubre de 1993, la Declaracién de Helsinki de 2008, la
Asamblea Médica Mundial y el Departamento de Salud y Servicios Humanos del Instituto Nacional de
Salud de los Estados Unidos de Norteamérica Resolucion 2378 del 2008. En ellos se delinean las
normas cientificas, técnicas y administrativas para la investigacién en seres humanos.

El Instituto de Investigaciones Médicas certifica que:

1. Serevisaron los siguientes documentos en el presente proyecto:
Resumen del proyecto ( NO )

Protocolo de investigacion (SI)

Formato de recoleccion de datos ( SI)

Formato de consentimiento informado (SI)

Manual del investigador ( NO )

f. Evaluaciones de otros comités de ética ( NO)

oonoe

2. El proyecto fue aprobado por los siguientes miembros: Gabriel Jaime Montoya Montoya, Dra. Sonia del Pilar
Agudelo Lépez, Dr. José Antonio Garcia Pereafiez, Dra. Olga Lucia Giraldo Salazar, Dra. Paula Andrea Velilla
Hernandez, Maria Aurora Gallo Rodriguez y representante de la comunidad.

3. El comité considera que el proyecto no contiene tensiones éticas que vulnere los derechos y el bienestar de
los participantes. El riesgo involucrado en el estudio es:
a) Sin riesgo ()
b) Riesgo minimo (x)
c) Riesgo mayor que el minimo ()
4. El comité considera que tanto la forma de obtencién del consentimiento cuando aplica como las medidas
tomadas para proteger el bienestar y los derechos de los participantes son adecuadas. No aplica
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5. El comité se reserva el derecho de hacer nuevas revisiones del proyecto a solicitud de alguno o algunos de
sus miembros o de las directivas institucionales con el fin de revisar lo relacionado con el bienestar y los
derechos de los participantes en la investigacion.

6. El comité debera informar a las directivas institucionales correspondientes cualquier evento tocante con
faltas de cumplimiento de las obligaciones del investigador en el desarrollo del proyecto, de las solicitudes
del comité o suspensiones del proyecto por razones de tipo ético.

7. Seinformara a la direccidn del Instituto de Investigaciones sobre situaciones como: 1) efectos dafinos que
se ocasionen a los participantes de esta investigacion; 2) situaciones que signifiquen riesgos para los
participantes o para personas independientes; 3) cambios ocurridos en el proyecto que fueran aprobados
por el comité; y 4) situaciones distintas que de alguna manera puedan influenciar negativamente el buen
desarrollo de la investigacion.

8. Laaprobacidn de este proyecto tendra una duracién de un afio a partir de la fecha de aprobacion; si se debe
continuar por mas tiempo, debera someterse a aprobaciones anuales hasta la finalizacion del mismo. El
investigador deberé anexar la documentacion pertinente para cada nueva revision del proyecto por parte
del comité.

El investigador debera informar al comité y al Instituto sobre los siguientes eventos:
a. Cambios que se realicen en el proyecto, los cuales deberén ser aprobados en una nueva sesion del

comité.

Situaciones imprevistas que puedan implicar riesgos para los participantes.

Efectos adversos que ocurran en los participantes, en las 24 horas siguientes a su ocurrencia.

d. Alteraciones del rumbo de la investigacion que alteren la adecuada proporcidn entre riesgos y
beneficios.

e. Las decisiones tomadas por comités de ética de otras instituciones que participen en el proyecto.

f. Los informes parciales, finales o de suspensidn temporal o permanente del proyecto, con las debidas
razones que los justifiquen.

oo

El investigador deberé presentar informes parciales del estudio cada (6 ) meses.
En este proyecto no se encontraron conflictos de interés por parte de los investigadores.

Sugerencias y comentarios: Favor Si el proyecto pasa a la convocatoria enviar informe de avance noviembre de
2018.

Nota: Para efectos de la investigacion sdlo podra utilizarse el Consentimiento Informado avalado, con el sello del
Comité de Bioética.

2oty

5

»'U\lm[l JARNY f\A()NlU‘V»‘\ \H»’\
sidente

Comité de Bioética



Appendix PA.

Volunteers recorded.

Amputee 1. Male, 34 years old. Amputee 2. Male, 44 years old.

Amputation cause: Traffic Accident Amputation cause: Vascular






Amputee 7. Male, 45 years old. Amputee 8. Female, 51 years old.

Amputation cause: Traffic Accident Amputation cause: Traffic Accident

Amputee 9. Male, 25 years old. Amputee 10. Male, 35 years old.

Amputation cause: Traffic Accident Amputation cause: Traffic Accident






Amputee 15. Male, 35 years old. Amputee 6. Male, 37 years old.

Amputation cause: Work Accident Amputation cause: Gunshot

Control 1. Female, 21 years old. Control 2. Female, 21 years old.



Control 4. Female, 27 years old.

Control 5. Male, 28 years old. Control 6. Male, 49 years old.



Control 7. Female, 24 years old.

Control 9. Female, 19 years old. Control 10. Male, 31 years old.



Control 11. Female, 51 years old. Control 12. Male, 31 years old.

Control 13. Male, 39 years old. Control 14. Female, 19 years old.
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Control 15. Male, 59 years old.

11



Appendix CS.

PRUEBA DE CONFORT

Mientras lee cada pregunta, recuerde que no hay una respuesta correcta o incorrecta. Solo piense
en SU PROPIA OPINION sobre el tema y subraye a lo largo de la linea en cualquier lugar en el que
considere sea su opinidn, por ejemplo:

¢Qué tan importante es para usted el café en la mafana?

| |
[ |

Sin importancia Extremadamente importante

Luego de comprender la prueba, lea atentamente las siguientes preguntas:

1. Calcule qué tan agotado fisicamente se encuentra en este momento.

Extremadamente cansado Extremadamente relajado

2. Calcule qué tan motivado se encuentra para realizar esta encuesta.

| |
l |

Extremadamente desmotivado Extremadamente motivado

3. Durante la Gltima prueba, califique el ajuste de su protesis.

| |
[ |

Terrible Excelente

4. Durante la ultima prueba, califique su comodidad al estar de pie usando su prétesis.

Terrible Excelente

5. Durante la Gltima prueba, califique la frecuencia con la que perdié el equilibrio mientras usaba
su protesis.

| |
| |

Todo el tiempo Nunca

6. Durante la ultima prueba, calcule qué tanta energia utilizd para usar la protesis (haciéndolo
sentir cansado).

| |
| |

Completamente agotador Nada en absoluto

7. Durante la Gltima prueba, calcule la sensacion de presion o calentamiento ejercidos por la
cuenca (socket) en su mufion.

| |
| |

Lo peor posible Lo mejor posible




PRUEBA DE CONFORT

8. Situvo algin dolor en su mufidn durante las Gltima prueba, ¢ qué tan doloroso fue?.

| |
[ 1

Extremadamente intenso Extremadamente suave

9. Durante la Gltima prueba, ¢qué tan molesto fue el dolor en su mufién?

Extremadamente molesto Nada en absoluto

10. Tuvo algun dolor en su pierna o pie no amputado durante la ultima prueba, ¢ Qué tan
doloroso fue?

Extremadamente intenso Extremadamente suave

11. Durante la ultima prueba, ¢qué tanto le incomodd el dolor en su otra pierna o pie?

| |
[ |

Extremadamente molesto Nada en absoluto

12. Durante la ultima prueba tuvo algun dolor en la espalda, ¢ qué tan doloroso fue?

| |
[ |

Extremadamente intenso Extremadamente suave

13. Durante la Ultima prueba, ¢qué tan molesto fue el dolor de espalda para caminar?

Extremadamente molesto Nada en absoluto

14. Durante la ultima prueba, calcule con qué frecuencia se sintid frustrado con su prétesis.

| |
[ |

Todo el tiempo Nunca

15. Durante la Ultima prueba, calcule su capacidad para caminar usando su protesis.

| |
| |

No pude caminar No tuve problema

16. Durante la ultima prueba, califique qué tan satisfecho estuvo con su prétesis.

| |
[ |

Extremadamente insatisfecho Extremadamente satisfecho

17. Durante la ultima prueba, califique la satisfaccion con la que caminé usando su prétesis.

| |
[ 1

Extremadamente insatisfecho Extremadamente satisfecho

No tuve dolor

No tuve dolor

No tuve dolor

No tuve dolor

No tuve dolor

No tuve dolor




PRUEBA DE CONFORT

Utilice las siguientes figuras para ubicar y resaltar cualquier lugar en el que hubiese sentido dolor
durante la prueba.

MIEMBRO RESIDUAL IZQUIERDO
Dolor Vista Anterior (frente) Vista Posterior (atras) Dolor

0SU23UI OW3X]

o
a
c
[}
b
£
o
£
o
=1
=
3
w

Extremo suave

I 2ABNS OWD.IXT |

o
S,
o
=

Vista medial (interna)

‘ 0SU3UI OWAIIXT |

o
a
c
5]
o}
£
o
£
o
=
=}
X
w

9ABNS OW2IXT

Extremo suave




Appendix MLA.

2018 GLOBAL MEDICAL ENGINEERING PHYSICS EXCHANGES/PAN AMERICAN HEALTH CARE EXCHANGES (GMEPE / PAHCE)

Gait Parameters Identification for the Differentiation of Neurodegenerative
Diseases using Classifiers

A. M. Cérdenas', C. Isaza’, J. Uribe!, A. M. Hernadez!
!GIBIC, Department of Bioengineering
2SISTEMIC, Department of Electronic Engineering
Emails: andresm.cardenas, victoria.isaza, juliana.uribep, alher.hernandez (@udea.edu.co)
Engineering Faculty, Universidad de Antioquia UdeA, Calle 70 No. 52-21, Medellin, Colombia

Abstract — Degenerative nerve diseases affect the
neuromusculoskeletal system, which has implications for
human gait. The study of the pathological gaits using gait
analysis has been performed for the disease characteristics
extraction and disease classification. This paper presents a
statistical analysis of gait parameters of healthy volunteers,
patients with Parkinson's disease, Amyotrophic Lateral
Sclerosis and Huntington. Using the statistical analysis, a set of
descriptive variables was selected. Descriptors such as the
mean of the temporal parameters of gait, the energy cost, and
some correlated variables such as gender, age and body mass
index were used. As classification methods Discriminant
Analysis and fuzzy C-means were implemented. The Linear
Discriminant Analysis classifies 100% of the Parkinson's
disease cases, 90% of Amyotrophic Lateral Sclerosis, 87.5% of
healthy and 89.47% of Huntington patients. The fuzzy c-means
achieved a lower classification of 62.5% of Parkinson 60%o,
60% of ALS and 42.1% Huntington; however, the information
from the membership matrix gives important information to
give a final clinical diagnosis. The energy cost in the stance
phase increased, and the gait speed decreased for critical
conditions. Depending on the disease type, the cadence
decreases. The variability of the data of Amyotrophic Lateral
Sclerosis and Huntington's involves an intra-subject analysis.

Keywords — Neurodegenerative diseases, gait recognition,
fuzzy c-means, linear discriminant analysis, pattern analysis

I. INTRODUCTION

Neurodegenerative diseases are disorders characterized
by a progressive and accelerated degeneration or death of
neurons of the nervous system. This causes limitations in
movement, balance, speech, and memory [1]. Diseases such
as Parkinson's disease (PD), Amyotrophic Lateral Sclerosis
(ALS) and Huntington's disease (HD) severely affect the
mobility and gait [2][3].

Usually symptoms like a weakness, loss of sensation,
among others [4], cause posture problems, clumsy
movements and asymmetry movements [5]. In the
Parkinson's disease (PD) the problems of balance and
coordination in gait are common [6]. For the Amyotrophic
Lateral Sclerosis (ALS) the damage of neuromotor system
results in motor dysfunction and muscle weakness [7]. The
Huntington's disease (HD) is characterized by fast, sudden
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and uncontrollable facial movements, spasmodic
movements, slow, bradykinesia and an unstable gait [8].

Gait analysis allows for the assessment of repetitive
patterns in neurodegenerative diseases. Generally, the
studies have been done since the extraction of characteristics
and the clinical analysis, to provide an early diagnosis. The
characteristics extraction presented by Melo Roiz et al. in
[9], used a statistical analysis of spatial-temporal gait
variables of subjects with PD and healthy adults. They
found significant differences for the speed and length of the
stride, the initial contact and the maximum extension in the
terminal contact, as well as in the maximum flexion in the
middle swing. A similar statistical study was conducted by
Sofuwa et al. in [10]. They found a significant reduction in
gait length, gait speed, ankle and hip force. These
characteristics can help in the diagnosis of
neurodegenerative diseases. Delval et al. in [11] evaluated
the gait initiation cycle in Huntington's disease. Statistical
test such as the Mann-Whitney U-test was applied. They
studied the kinetic, spatial, temporal and angular variables.
They found akinesia in both types of initiation for HD and
hypokinesia.

The automatic diseases classification of diseases is
showed by Bilgin's in [12]. They use the discrete Wavelet
transform to extract six frequency bands of the signals of
feet forces. They use a Bayesian Naive classifier and the
discriminant analysis technique. The classification result
was maximum classification of 90.93% of PD, ALS, HD
and healthy groups. In the Xiaa’s et al. [13] the methods
used were Support Vector Machines, Random Forest,
Multilayer Perceptron and the K Nearest Neighbor. They
used nine statistical descriptors: the minimum and maximum
values, the mean, standard deviation, among others. The
highest accuracy classification rate was 96.83% between
healthy and diseased subjects. Other kinds of algorithm such
as radial function neural networks [14] have classified
93.75% of diseases, as well as Neuro-fuzzy [15], the fractal
dynamics [16], the bi-clusters technique [17] have made it
possible to understand the clinical pathological gait.

Although the clinical statistical analysis reveals
clinically relevant information, this information is poorly
used to the automatic gait classification nowadays. We
consider the statistical analysis and clinical information to
find more informative descriptors with higher correlation
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Abstract— The transfemoral amputation involves the loss of
the knee joint, which is recognized as a common and complex
case. The knee is replaced by a polycentric mechanism, which is
exposed to high levels of structural stress. Therefore, mathemat-
ical models of the mechanics knees are commonly used to kinetic
analysis and simulation and determine possible failures. This
paper describes the procedure for determining a kinematic
model of a four-bars polycentric knee using a geometric analysis
and the Grashof Law for a double rocker. The kinetic model
was found using parametric, linear and nonlinear identification
techniques, for this were used knee force and angle data sup-
plied by the free database Orthoload. The model couples the ki-
netics and kinematics ARX structure, these can represent bend-
ing angles 110 ° and the total force exerted on the instantaneous
center of rotation of the knee.

Keywords— Biomechanics, kinematics, nonlinear dynamical
systems, prosthetics, prosthetic limbs, system identification.

1. INTRODUCTION

The amputation is a progressive problem associated with
different causes like work or traffic accidents [1], diseases [2]
and war [3]. Regardless of the cause, unilateral lower limb
amputation is a common case [4], assorted according to am-
putation height [5].

The transfemoral prosthesis is a mechanical assistance de-
vice for above knee (AK) amputees. This prosthetic system
consists of five parts: prosthetic foot, shank, knee unit, socket
and suspension [6]. Each of these elements is subjected to
different mechanical stresses decreasing the life cycle of ele-
ments, affecting mobility and patient confidence [7]. The me-
chanical knee facilitates patient mobility, improves gait per-
formance and stability of the amputee during their activities
of daily living [8]. The prosthetic knees are characterized by
monocentric and polycentric mechanisms, providing greater
or lesser flexion and extension of the joint [9].

The polycentric knees have different rotation axes, which
converge in the instant center of rotation (ICR). These knees
are used by it’s biomechanics versatility, presenting good
performance in the stance and swing phase gait, allowing
greater confidence, stability, bending and factly.

A typical four bar knee is shown in Fig 1. This is charac-
terized by four center cranks A, B, OB y OA linked by OA-
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A, A-B, B-OB, OA-OB, conform 4 links a, b, ¢, d respec-
tively. Mechanical linkage configuration is based on Law of
Grashof mechanisms, where the length of each link is deter-
mined to have a full joint revolution [10].

Fig 1. Extended knee geometry: links, articulation angles and instant
center of rotation.

The knee should support the weight of the body and addi-
tional loads during gait cycles. The resulting forces stabilize
the body and achieve the displacement during the phases of
gait. If known the knee force magnitude and direction, is pos-
sible to choose a correct construction material, simulate the
gait performance and estimate possible structural problems.

Two forms of analysis are discussed in this paper, kine-
matic and kinetic. To find kinetic model, the study is con-
ducted with data from healthy patients, as suggested in [11].
Data is collected from 8 test subjects with an average weight
of 100kg and different system identification techniques are
evaluated. To find kinematic model, a geometric analysis of
four- bar mechanism is done. The resulting model allows pro-
vides information about the ICR, marked with a P(x,y).

Mohsen and colleagues [12] designed a method to param-
eterize a polycentric knee four-bars using the ICR and the
floor reaction forces of (FRF) during gait (the initial contact,
the support phase and voluntary bending before takeoff foot).
To determine an appropriate measures and angles, a genetic
algorithm uses FRF data of an amputee patient to parameter-
ize the model of the knee.

The four-bars knee model and the optimal geometry of the
joints are presented in [13]. They use the Grashof Law, the
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