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Abstract. Transtibial amputation involves the loss of the ankle joint, distal tibia,
and fibula, while preserving the knee joint. For this type of amputation, a prosthesis
is required to replace the missing limb for the patient to continue their daily activi-
ties. However, some patients experience poor prosthetic adaptation, leading to gait
abnormalities. A case study was conducted on a patient with left transtibial ampu-
tation to evaluate the kinetics and kinematics using baropodometry, accelerometry,
and electromyography, aiming to identify potential anomalies experienced by the
patient during short walking periods. Static baropodometry analysis indicated that
the patient had a greater distribution of body weight on the forefoot, resulting in
a forward body displacement and instability. The overall symmetry index was
below normal values, indicating differences in gait between the left and right foot.
Additionally, the muscle coactivation index was above normal values, indicating
excessive muscle contraction and consequently poor muscle coordination.
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1 Introduction

Transtibial amputation constitutes a significant impairment to the neural, muscular, and
skeletal systems, involving the loss of the ankle, distal tibia, and fibula articulation while
retaining the knee joint. Individuals with this type of amputation experience challenges
in walking and increased energy consumption [1]. Patients with transtibial amputation
require a prosthesis that enhances efficiency and gait pattern during both static and
dynamic phases. This involves cushioning impacts from body weight and achieving
proper prosthetic suspension in the swinging phase as well as stable support during
the stance phase [2]. Achieving this involves assessing biomechanical variables such
as baropodometry, accelerometry, and electromyography to understand how prosthetic
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adaptation occurs in amputee patients. Consequently, there has been a growing focus on
prosthetic alignment studies, particularly regarding the impact of socket alignment with
the foot and the assessment of associated energy costs [2].

Among baropodometric variables, weight distribution assesses how weight is borne
by the prosthetic device and the contralateral limb in an orthostatic position [3]. Addi-
tionally, the center of pressure trajectory is associated with postural stability and bal-
ance evaluation. On the other hand, ground reaction force (GRF) identifies the effects
of misalignment in prosthetic gait, indicating that misalignments increase the load on
the contralateral limb and likewise extend the support phase time, as well as causing
differences in vertical GRF peaks [4, 5].

Acelerometry evaluation identifies propulsion indices, describing a subject’s ability
to push the center of mass forward during the single support phase [6]. The symmetry
index represents the difference in percentage terms between support and swing phases
of the healthy and amputated limbs [7]. The quality index characterizes a single limb,
assessing the subject’s ability to correctly time and balance their gait cycle between
the healthy and amputated limbs [8]. Lastly, pelvic kinematics are assessed in different
planes, providing information about inclination, obliquity, and rotation during the gait
cycle. Ultimately, muscle coactivation informs about the overall compensatory strategy
adopted by amputees in the intact limb, where high values indicate the need for amputees
to increase simultaneous activation of multiple muscles for an extended duration. This
may lead to compensatory increases in stiffness, force production, and support time [9].

Biomechanical assessments are crucial for prosthesis users as they provide quanti-
tative information about prosthetic adaptation, aiming to improve patient function and
prosthetic component effectiveness in terms of user safety and stability [2]. Therefore,
the main objective of this study is to evaluate kinetic and kinematic signals of lower
limbs using baropodometry, accelerometry, and electromyography during the walking
motion in a patient with transtibial amputation.

2 Materials and Methods

A66-year-old patient with left transtibial amputationwas evaluated. The patient reported
fatigue when attempting short walks with the prosthetic provided by their healthcare
institution. The study took place at the Biomechanics and Rehabilitation Laboratory
of the Metropolitan Technological Institute in Medellín, Colombia. The patient partic-
ipated voluntarily after signing the appropriate informed consent, which was approved
by the Ethics Committee of the Metropolitan Technological Institute and adhered to the
principles outlined in the Helsinki Declaration (DoH), as recommended by the World
Medical Association [10].

2.1 Baropodometry Analysis

The EcoWalk plantar pressure platform (Ecosanit, Arezzo, Italy) was utilized for the
study. Data processing was conducted using the EcoFoot 4.0 software developed by the
same company, which includes predefined protocols for defining specific characteristics
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in both static and dynamic positions. This encompasses weight distribution, calculation
of the center of gravity trajectory, and the ground reaction force vector.

For static position data acquisition, the patient stood on the platform, facing a fixed
point, with relaxed arms and feet shoulder-width apart for 60 s (see Fig. 1). Subsequently,
the patient was instructed to perform a short walk, alternating steps, to ensure recording
of at least 4 steps for each foot during the dynamic assessment.

Fig. 1. Static evaluation on the plantar pressure platform.

2.2 Accelerometry and Surface Electromyography (EMG) Analysis

The G-walk inertial sensor (BTS Bioengineering, Milan, Italy) was used for Accelerom-
etry Analysis. This sensor includes an accelerometer (frequency: 4–1.000 Hz), a gyro-
scope (frequency: 4–8.000Hz), and amagnetometer. For signal processing, theG-Studio
software version 3.2.25.0 developed by the same company was implemented.

This device facilitates the spatial and temporal evaluation of gait parameters,
including quality index, propulsion, temporal parameters, and pelvic kinematics.

The inertial sensor was placed at the S1 and S2 vertebrae level, specifically below the
line connecting the two dimples of Venus, to align it accurately with the patient’s spine.
Once the sensor was securely positioned, the patient received instructions to walk along
a 6-m path, maintaining a natural pace. You were also asked to perform a wide turn and
return to the starting point of the test. This sequence was repeated multiple times, with
each repetition lasting no more than 1 min.

To analyzemuscle activity using surface electromyography, thewireless electromyo-
graph FREEEMG 1000 (BTS Bioengineering, Milan, Italy) was utilized. This device
is equipped with 8 sensors and operates at a sampling frequency of 1000 Hz. For sig-
nal processing, the EMG-Analyzer software version 2.10.44.0, developed by the same
company, was employed. The calculation of the coactivation index followed the method-
ologies outlined in previous studies [11, 12]. Electrodes were placed on the right tibialis
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anterior, right medial gastrocnemius, right rectus femoris, right semitendinosus, left rec-
tus femoris and left semitendinosus as shown in Fig. 2. After the sensor was stabilized,
the patient then walked a 6-m path at a natural pace until reporting fatigue, marking the
end of the test.

Fig. 2. Positioning of the inertial sensor and electromyography probes. a. Front view. b. Rear
view.

3 Results and Discussion

3.1 Baropodometry Analysis

In the static baropodometry results, it’s observed that the right foot bears 50.1% of the
load, while the left foot carries 49.9%. Furthermore, the left foot has 38.1% of the load on
the forefoot, whereas the right foot records 31.3%, totaling 69.4% on the forefoot. These
values suggest that the metatarsals bear the majority of the patient’s weight, leading to
a forward displacement of the center of pressure, causing instability, fatigue, and wear
in this area [13].

In the posterior zone, a total load of 30.5% is presented, with an uneven distribution
between the feet.

The left foot bears 11.8% of the load, whereas the right foot reaches 18.8%. This
discrepancy indicates that the patient doesn’t fully support the heel of the prosthetic foot,
and there is a force compensation in the right foot’s heel (see Fig. 3). It’s crucial that the
body weight is evenly distributed, with 50% of the load on both lower limbs, as well as
anteroposteriorly, to avoid potential discomfort or long-term injuries [6].

In the dynamic analysis, for the left foot, the ground reaction force (GRF) exerted
is low (68.9 kPa), representing less than 20% of the total weight. In the rearfoot, there’s
a percentage of 5.49%, midfoot 2.94%, and forefoot 6.47%. These percentages add up
to a total of 14.9% of the total weight, indicating that the patient exerts very little force
with their left foot, possibly due to the lack of confidence they feel with the prosthesis.
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Fig. 3. Distribution of Body Loads

On the other hand, the right foot records a higher force percentage (253.6 kPa).
Specifically, there’s 15.29% in the rearfoot, 9.80% in the midfoot, and 24.31% in the
forefoot, adding up to a total of 48.88%of the totalweight.Although all these percentages
are below normal values, the right foot shows a higher force percentage compared to
the left foot and a longer time in the support phase, which is consistent with findings
reported in other studies [5] (see Fig. 4).

Fig. 4. Ground Reaction Force Vector Graph

3.2 Analysis of Accelerometry and Surface Electromyography

The global symmetry index is 1.7%, indicating that the gait cycle in both feet is not
symmetric, as the value is below the normal range [8]. Furthermore, the gait cycle
quality index is 88.5% in the right limb and 85.5% in the left limb, indicating that the
subject lacks symmetry in accelerating the center of mass similarly during the walking
cycle in the right and left feet. The closer the index is to 100, the more symmetrical the
gait pattern is [7] (see Table 1).
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Table 1. Symmetry gait index.

The propulsion index presents a normal value when it’s > 5.5. In the case of this
study, the values are slightly higher than the normal range, indicating that the patient
has good propulsion, but might not possess all the necessary strength to execute it in the
most correct and comfortable manner (see Fig. 5).

Fig. 5. Propulsion

Figure 6 illustrates pelvic kinematics in all three anatomical planes. The graphs
feature two continuous lines representing the right side (green) and the left side (red). The
gray lines correspond to the normal range. On the right side of the figure, the symmetry
index is generated for each evaluated angle, along with maximum and minimum values
for each foot, and the range between these values [14].

The inclination displays a symmetry index of 73.7%, indicating alignment issueswith
the pelvis and a tendency towards positive values, signifying anterior pelvic movement.
This relates to maximum metatarsal support and confirms the patient’s forward-leaning
body posture. In pelvis obliquity, there’s a symmetry of 33.5%, with an opposing angular
pattern in each limb. The right pelvis remains higher than the left, potentially indicating
poor prosthetic adaptation due to gait pattern asymmetry. Finally, in pelvic rotation, a
symmetry index of 62.3% is observed, indicating neutralmovement (see Fig. 6). Changes
in pelvic kinematics might arise from relative compensations due to different prosthetic
components. Inclination can be influenced by stability in re-establishing the center of
gravity, and obliquity might be influenced by prosthetic adjustments like prosthesis
length and suspension system [15].
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Fig. 6. Pelvic Kinematics

The results of muscular activity can be observed in Fig. 7. The gray band indicates
the phase during which each muscle should be activated, and the absence of a band
signifies the resting phase of muscular contraction. For the right foot, muscles display
activation throughoutmost of the gait cycle, without clear relaxation during the appropri-
ate phase. This finding is consistent with studies indicating that the intact limb increases
simultaneous activation for a longer duration to compensate for stiffness, force produc-
tion, and support time in the healthy limb [16]. The rectus femoris and semitendinosus
muscles show peaks of electrical activity closer to normal values; however, the voltage
values obtained are low, suggesting that these muscles might not be generating sufficient
force to adequately contribute to the gait cycle. On the other hand, in the left lower limb,
the semitendinosus muscle’s activation is not consistent but shows relatively low voltage
values, indicating insufficient force generation for a proper gait cycle with the amputated
limb. However, the rectus femoris displays better activation and less silence, indicating
that this muscle tends to experience faster fatigue, given that it bears the weight of the
prosthesis. Consequently, the foot support might be lighter.
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Fig. 7. Muscle Activation Timing

The coactivation index reflects the postural stability of the patient [17]. According
to the data reported in Table 2, the coactivation values are higher than normal, indicating
that the patient has balance issues during gait.

Table 2. Muscle Coactivation Index.

4 Conclusions

The results of this study revealed altered biomechanical behaviors in both joint and mus-
cular aspects in a patient with transtibial amputation, underscoring the importance of
such assessments for proper prosthetic adaptation. The absence of these considerations
can lead to muscular fatigue, instability, and gait difficulties, significantly impacting
the patient’s quality of life. It’s important to note that this study was conducted with
a single patient, thus further evaluation with a larger amputee population is crucial to
obtain comparative results. Moreover, the devices used for measurements necessitate
trained personnel to ensure their proper utilization. Despite limitations, this study pro-
vides vital insights in biomedicine and rehabilitation, highlighting overlooked health-
care research that ensures proper patient prosthetic adaptation and quality of life. These
findings advance understanding and stress the need for broader future approaches.
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