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Abstract: Gait in transtibial amputees involves significant biomechanical adaptations due
to the absence of the distal segment of the lower limb, leading to alterations in movement
patterns. Dynamic alignment of the prosthesis is essential for efficient locomotion but is
often adjusted subjectively through clinical observation. This study analyzed the gait of
three transtibial amputees using inertial sensors and cyclograms. The TECH-NAID®
system, which employs inertial measurement units (IMUs), was used for motion capture,
while cyclograms enabled a detailed and objective assessment of joint kinematics. Gait was
evaluated under standard alignment and controlled misalignment conditions at the socket
(abduction/adduction, flexion/extension) and the prosthetic foot
(dorsiflexion/plantarflexion, inversion/eversion), with angular variations of 2°, 6°, and 10°.
The results revealed significant alterations in the kinematics of the hip, knee, and ankle
joints, as well as compensatory mechanisms between limbs. Cyclograms proved to be
effective clinical tools for assessing gait deviations in prosthetic rehabilitation.

Keywords: Transtibial Alignment, Cyclograms, Inercial sensors, Kinematics, Prosthetic
gait.

Resumen: La marcha del amputado transtibial usuario de protesis implica adaptaciones
biomecanicas relevantes debido a la ausencia del segmento distal de la extremidad inferior,
lo que modifica los patrones de movimiento. La alineacion dinamica de la protesis es crucial
para una locomocion eficiente, pero suele ajustarse subjetivamente mediante observacion
clinica. Este estudio analizd la marcha de tres sujetos con amputacion transtibial utilizando
sensores inerciales y ciclogramas con el fin de caracterizarla. Se utiliz6 el sistema TECH-
NAID® para la captura del movimiento haciendo uso de sensores inerciales, y los
ciclogramas facilitaron una evaluacion detallada y objetiva de la cinematica articular. Se
compar6é la marcha en condiciones de alineacién estdndar y bajo desalineaciones
controladas en el socket (abduccidn/aduccion, flexion/extension) y en el pie protésico
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(dorsiflexion/plantiflexion, inversidn/eversién) con variaciones angulares de 2°, 6° y 10°.
Los resultados revelaron alteraciones significativas en las articulaciones de cadera, rodilla
y tobillo, asi como mecanismos compensatorios entre miembros inferiores. Los
ciclogramas demostraron ser herramientas Utiles para la evaluacion clinica de la marcha en
rehabilitacion protésica. La disposicién de herramientas tecnologicas en el apoyo del area
de salud permite analisis objetivos; en concreto, en la presente investigacion, se puedo
identificar asimetria biomecénica en el patron de marcha de personas con amputacion.

Palabras clave: alineacion transtibial, ciclogramas, cinematica, marcha prostética,

sensores inerciales.

1. INTRODUCTION

Gait in transtibial amputees (below-knee) presents
significant biomechanical alterations due to the loss
of bone, ligaments, and muscles from the distal
segment of the lower limb, resulting in changes in
gait patterns. Therefore, proper prosthetic alignment
is a key factor for achieving functional, comfortable,
and  energy-efficient ~ ambulation.  Accurate
alignment improves symmetry, stability, and
reduces load on the residual limb and contralateral
side [1]-[3].

Transtibial prosthetic alignment, also known as
femorotibial alignment, refers to the spatial
relationship between prosthetic components and the
residual limb. This process involves bench, static,
and dynamic alignment phases [4]-[6].

Dynamic alignment, performed during ambulation,
aims to optimize functional performance and
minimize energy expenditure. However, in many
medical centers this adjustment is still based on
visual assessment and clinical experience—methods
that, although widespread, entail high inter-
technician variability and may compromise
consistency [2], [4], [7]-[13]. Despite research
linking misalignment to altered gait patterns, gait
evaluation remains largely subjective, as many
deviations cannot be detected without specialized
tools such as gait analysis laboratories [2], [5], [9]-
[17].

Some studies have introduced controlled
misalignments to assess biomechanical impacts
[18], showing that even small angular or linear
changes can affect user stability and comfort [2],
[8], [19], [20]. Thus, gait analysis is positioned as a
key tool for evaluating locomotor kinematics and
kinetics, providing objective insights into
musculoskeletal function. Among the most precise
methods are 3D optical systems, which model
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motion with high fidelity but require controlled
environments.

As an alternative, inertial sensors (accelerometers,
gyroscopes, magnetometers) offer more accessible
and portable solutions, capable of recording
acceleration, angular velocity, and spatial
orientation in real-time—even outside the
laboratory setting [21].

Additionally, force platforms can measure ground
reaction  forces and  plantar  pressures,
complementing kinematic analyses with dynamic
data [22]. Recent advances propose wearable
systems with Al algorithms for optimizing dynamic
alignment, and approaches integrating inertial
sensors into mobile devices for analyzing gait
parameters with high correlation to optical systems
[23]. Machine learning models are also being
explored to predict misalignments in real-time [24],
as well as computational methods based on postural
stability for static alignment [25].

This study focuses on analyzing transtibial amputee
gait using inertial sensors, applying cyclograms to
objectively visualize joint kinematics. A cyclic
approach is proposed to relate mechanical and
voluntary joint variables in both limbs, aiming to
identify critical parameters during the gait cycle and
contribute to the development of more accurate
clinical prosthetic alignment strategies.

2. METHODOLOGY

2.1 Experimental Design

This study evaluated the sensitivity of sagittal-plane
gait Kkinematics in transtibial amputees under
systematic  variations of dynamic prosthetic
alignment. From a biomedical engineering
perspective, a protocol was designed to modify
specific prosthetic alignment parameters and
quantify their impact on gait patterns.
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The manipulated variables included:

Socket flexion/extension (FLEX/EXT)
Socket abduction/adduction (ABD/ADD)
Prosthetic foot dorsiflexion/plantarflexion
Prosthetic foot inversion/eversion

Each parameter was individually adjusted at angles
of 2°, 6°, and 10°, ensuring patient safety was not
compromised.

2.2. Study Population

Three male subjects with unilateral transtibial
amputation caused by trauma (antipersonnel mines)
participated in the study. All were treated at the
Central Military Hospital in Bogota.

Demographic range: Age: 30-48 years, Weight:
72-82 kg, Height: 1.76-1.85 m.

2.3. Equipment and Motion Capture System

The TECH-NAID® system was used for motion
capture. This system integrates inertial sensors—
including  accelerometers,  gyroscopes, and
magnetometers—to measure acceleration, angular
velocity, and orientation. Sensors were strategically
positioned on the thighs, shanks, feet, and lumbar
region (serving as a global reference), and
connected via USB or Bluetooth.

2.4. Data Acquisition Procedure

Each participant walked a straight 7-meter path
across 12 trials. Between 280 and 310 samples per
gait cycle were captured at a sampling frequency of
50 Hz using the TECH-MCS® software. Figure 1
illustrates the sensor configuration used for each
subject.

Fig. 1. Sensor placement diagram. Source: Authors’
elaboration.
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2.5. Data Processing

Data were processed using MATLAB® with
custom-developed scripts. A structured matrix was
built, enabling the generation of 2D/3D animations
and computation of joint vectors. Cyclograms were
derived for each participant. Virtual markers were
implemented to enhance the accuracy of segmental
analysis, evaluating the biomechanical effects of
each misalignment condition.

3. RESULTS

3.1 Gait Analysis in Transtibial Amputees Using
Angle-Angle Cyclograms

Human gait is a cyclic phenomenon that can be
analyzed using angle-angle cyclograms, which
graphically represent the relationship between joints
throughout the gait cycle. In this study, cyclograms
were used to evaluate the effect of different socket
and prosthetic foot adjustments on the gait
mechanics of transtibial (TT) amputees. One gait
cycle per participant was analyzed, focusing on the
hip and knee flexion-extension of the prosthetic
limb and comparing it with the sound limb (Fig. 2).
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Figure 2. Cyclogram of the am'p'uta-ted' side-:"Ri'gh-t hip vs. right
knee.
Source: Authors’ elaboration.

3.1.1. Ipsilateral (Amputated) Limb — Dynamic
Alignment

The right hip vs. right knee cyclogram (Fig. 2),
corresponding to the ipsilateral (amputated) side,
allows identification of the gait cycle phases: Load
Response (LR), Mid Stance (MSt), Terminal Stance
(TSt), Pre-Swing (PSw), Initial Swing (ISw), Mid
Swing (MSw), and Terminal Swing (TSw).

During LR, the hip is near full extension and the
knee is flexed (~12°). In MSt, the hip extends (~5°)
and the knee shows minimal flexion (~8°). In TSt,
the hip reaches maximum extension, and the knee
becomes neutral. In PSw, the knee flexes (~40°) and
the hip remains extended (~15°). During ISw and
MSw, hip flexion increases while the knee reaches
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peak flexion. Finally, in TSw, the hip flexes (~20°)
and the knee extends (~5°).

3.1.2. Contralateral (Sound) Limb

The contralateral analysis (Fig. 3) shows: In LR, hip
and knee are flexed (~20° and ~8°, respectively).

In MSt, the knee extends slightly (~5°), and the hip
maintains mild flexion (~3°). In TSt, the hip reaches
~27° of extension. During PSw, the knee flexes
(~30°), and the hip maintains ~17° of extension. In
ISw, the knee reaches maximum flexion (~63°) and
the hip flexes (~8°). In MSw, the hip reaches peak
flexion (~23°) while the knee extends. In TSw, the
hip remains at ~20° flexion and the knee at ~10°.
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Fig. 3. Cyclogram of the sound limb: Left knee vs. left ankle.
Source: Authors’ elaboration.

3.1.3. Knee-Ankle Relationship of the Contralateral
Limb.

The Figure 4 illustrates the knee vs. ankle
relationship on the sound side: During LR, the knee
begins in ~20° flexion and the ankle in ~5°
plantarflexion, transitioning into dorsiflexion (~5°).
In MSt, the knee extends and the ankle reaches ~12°
dorsiflexion. In TSt, ankle dorsiflexion peaks (~14°)
and the knee flexes (~13°). During PSw, the knee
flexes (~43°) and the ankle moves into ~10°
plantarflexion. In ISw, the ankle reaches maximum
plantarflexion (~12°), returning to neutral as the
knee reaches peak flexion. In MSw, the knee
extends and the ankle remains near neutral. In TSw,
the knee stays extended and the ankle in a neutral
position, with a sudden flexion-extension shift in the
knee and a slight plantarflexion (~5°).
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Fig. 4. Cyclogram of the sound limb: Left knee vs. left ankle.
Source: Authors’ elaboration.
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3.2 Socket Misalignments: Abduction (ABD) vs.
Adduction (ADD)

3.2.1 Socket Abduction (ABD)

In the contralateral limb, Figure 5 shows reduced hip
and knee flexion during Load Response (LR). In
Mid Stance (MSt), hip extension increases and
becomes more pronounced with higher abduction
angles, whereas in Terminal Stance (TSt), hip
extension decreases as abduction increases. In
Terminal Swing (TSw), knee flexion is reduced.
During Pre-Swing (PSw), both hip extension and
knee flexion decrease symmetrically. In Initial
Swing (ISw), knee extension peaks at ~40°,
representing a ~20° reduction compared to the
aligned condition. During Mid Swing (MSw), hip
and knee tend to align, and in TSw, knee extension
increases while hip flexion decreases. The
anatomical ankle shows increased knee flexion and
dorsiflexion during the transition from TSt to 1Sw,
and increased plantarflexion from 1Sw to PSw.

In the ipsilateral limb, a reduction in hip and knee
flexion is observed from ISw to MSw. Hip
extension significantly decreases in TSt when
abduction exceeds 6°.
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Fig. 5. Cyclograms for different abduction levels of the socket.
a) Right hip — right knee b) Left hip — left knee c) Left knee — left
ankle. Source: Authors’ elaboration.

3.2.2 Socket Adduction (ADD)

In the contralateral limb, hip extension during LR is
comparable to normal gait. Hip flexion decreases
slightly in LR but not significantly. In MSw, the
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expected peak hip flexion seen in normal gait is
diminished (Figure 6).

The knee-ankle cyclogram shows that swing-phase
loops become smaller with 2° and 6° of adduction.
At 10° the pattern shifts toward increased
plantarflexion. In MSt, ankle dorsiflexion increases.
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Figura 6. Cyclograms for different adduction levels of the
socket. a) Right hip — right knee b) Left hip — left knee c) Left
knee — left ankle. Source: Authors’ elaboration.

In the ipsilateral limb, 10° of adduction causes both
hip and knee hyperextension. With 2° and 6°, hip
extension and knee flexion are reduced.

The correlation between ABD and ADD lies in their
impact on frontal and sagittal plane movement
patterns, often in opposite or phase-specific ways.
ABD appears to limit flexion-extension ranges in
the sound limb during swing, whereas ADD
(especially at 10°) may induce marked
hyperextension in the amputated limb. Both
misalignments force compensatory strategies in the
sound limb, as seen in altered hip and knee flexion-
extension.

3.3 Socket Misalignments: Flexion (Flex) vs.
Extension (Ext)

Las desalineaciones del socket en el plano sagital
Sagittal plane misalignments of the socket (flexion
and extension) also result in compensatory
responses in joint kinematics (Figure 7).

3.3.1 Socket Flexion (Flex)

In the contralateral limb, most joint movements are
similar to those in the properly aligned condition,
except during Initial Swing (1ISw) and Mid Swing
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(MSw), where the hip fails to reach the necessary
flexion, thereby limiting swing amplitude.
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Fig. 7. Cyclograms for different levels of socket flexion.
a) Right hip — right knee b) Left hip — left knee c) Left knee — left
ankle. Source: Authors’ elaboration.

In the ipsilateral limb, knee flexion decreases during
Load Response (LR), approaching hyperextension.
In Terminal Stance (TSt), hip hyperextension is
reduced. During the swing phase, knee flexion
increases.

3.3.2 Socket Extension (Ext)

In the contralateral limb, knee flexion decreases in
LR. In TSt, hip hyperextension is reduced. During
PSw, the hip is in a neutral position, and knee
flexion decreases in proportion to the degree of
socket extension. In MSw, hip flexion is absent and
knee flexion is reduced.

In the ipsilateral limb, a 2° extension misalignment
increases hip hyperextension. However, at 6° and
10°, hip kinematics begin to resemble normal
alignment. In PSw, the hip remains neutral and the
knee is flexed approximately +40°. During swing,
both hip and knee flexion decrease in inverse
proportion to socket extension. The knee-ankle
cyclogram shows reduced loop size and greater
plantarflexion in TSw (Fig 8).

Socket flexion limits hip flexion in the sound limb
during swing, while socket extension may eliminate
hip flexion in MSw and increase hip hyperextension
in the amputated limb, even with minor
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misalignments. Both sagittal-plane misalignments
affect knee flexion during loading on the amputated
side, with socket flexion driving the knee closer to

hyperextension.
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Fig. 8. Cyclograms for different levels of socket extension.
a) Right hip — right knee b) Left hip — left knee c) Left knee — left
ankle. Source: Authors’ elaboration.

3.4 Prosthetic Foot
Plantarflexion vs. Dorsiflexion

Misalignments:

3.4.1 Prosthetic Foot Plantarflexion

In the ipsilateral limb, a significant reduction in hip
and knee range of motion is observed from Mid
Stance (MSt) to Mid Swing (MSw). The
contralateral limb compensates by increasing hip
extension and decreasing knee flexion. Hip flexion
during swing remains close to normal ranges. The
anatomical ankle shows a greater range of both
plantarflexion and dorsiflexion during the swing
phase (Fig 9).

3.4.2 Prosthetic Foot Dorsiflexion

Increased dorsiflexion of the prosthetic foot
severely limits mobility in the amputated limb
(Figure 10). In contrast, the contralateral limb
demonstrates improved mobility, achieving hip
flexion close to that of normal gait. The sound foot
behaves very similarly to standard gait conditions.

In comparison, plantarflexion restricts movement in
the ipsilateral limb and induces broad compensatory
strategies in the contralateral limb. Conversely,
while dorsiflexion severely limits the amputated
limb, it appears to facilitate near-normal kinematics
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in the contralateral limb. These findings underscore
the intersegmental desynchronization caused by
prosthetic foot misalignments.
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Fig. 9. Cyclograms for different levels of plantarflexion.a) a)
Right hip — right knee b) Left hip — left knee c) Left knee — left
ankle. Source: Authors’ elaboration.
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Fig. 10. Cyclograms for different levels of dorsiflexion.
a) Right hip — right knee b) Left hip — left knee c) Left knee — left
ankle. Source: Authors’ elaboration.

3.2.7. Inversion and Eversion of the Prosthetic Foot

In the ipsilateral limb, during Terminal Stance
(TSt), the hip remains in hyperextension, although
less than in the standard alignment condition. With
the foot in eversion, knee flexion in Pre-Swing
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(PSw) decreases by approximately 50%; with
inversion, it decreases by around 25%.

In the contralateral limb, significant changes are
observed with the foot in eversion, while
modifications with inversion are less pronounced.
Similar trends are observed in the sound foot (Figure
11).
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Fig. 11. Cyclograms for different levels of prosthetic foot
inversion and eversion. a) Right hip — right knee b) Left hip —
left knee c) Left knee — left ankle
Source: Authors’ elaboration.

4. CONCLUSIONS

The results confirm that prosthetic alignment has a
significant impact on gait kinematics in transtibial
amputees, where even minimal angular deviations
produce notable changes in joint ranges and
interjoint coordination. Cyclograms enable precise
visualization of these effects, revealing dysfunctions
that may go unnoticed in conventional clinical
evaluations.

The implementation of inertial sensors proved
effective  for capturing kinematic data in
uncontrolled environments, allowing real-time
monitoring of prosthetic behavior outside the
laboratory. Combined with cyclogram analysis, this
approach enhances clinical gait evaluation by
providing objective information for personalized
adjustment  of  prosthetic  alignment  and
functionality.

The integration of inertial sensors, cyclograms, and
MATLAB®-based data processing lays the
groundwork for the development of intelligent
prosthetic realignment systems supported by
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artificial intelligence, aimed at optimizing real-time
adjustment.

Cyclograms are a fundamental tool for accurately
evaluating interjoint coordination during gait in
transtibial amputees, enabling the detection of
subtle  deviations caused by  prosthetic
misalignment. By facilitating more objective and
detailed diagnostics, their integration into clinical
practice is key to improving long-term quality of life
for users, promoting effective rehabilitation and safe
functional mobility.

Engineering contributes to the analysis of gait
patterns in  transtibial amputees through
technological ~ tools designed to identify
biomechanical asymmetries that affect locomotion
efficiency and safety. This analysis helps optimize
prosthetic design and alignment, improve load
transfer, and reduce compensations that may lead to
secondary conditions—ultimately contributing to
the development of functional and personalized
technological solutions.
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