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Abstract

Objective: To evaluate static postural behavior in the time domain in individuals with unilateral transtibial ampu-
tation compared to non-amputated subjects.
Methodology: Static postural behavior in the time domain was assessed in 10 individuals with transtibial ampu-
tation (SAT) and 10 non-amputated individuals (SNA) using piezoelectric instrumented insoles to measure the cen-
ter of pressure (CP). Parameters analyzed included CP trajectory excursion, CP velocity, range, RMS value, average
amplitude, and maximum and minimum amplitude calculated in both anteroposterior and mediolateral directions.
Results: Significant differences were found between the SAT and SNA groups in all parameters and in both direc-
tions (p<0.05). Both groups showed a preference for variation in the anteroposterior direction; however, the TAA
group exhibited high variability in measurements in this direction.
Conclusions: These findings may provide valuable insights into how amputation and prosthetics can influence the
stability and balance of individuals, which could be useful in rehabilitation processes and the design of prosthetics
aimed at improving the quality of life of this population.
Financing: This scientific research article derives from the research project ”Application of clustering as a method
for discriminating plantar pressure distribution in individuals with transtibial amputation,” funded by Universi-
dad Distrital Francisco José de Caldas, Bogotá, Colombia.
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Resumen

Objetivo: Evaluar el comportamiento postural estático en el dominio del tiempo en individuos con amputación
unilateral transtibial en comparación con sujetos no amputados.
Metodología: Se evaluó el comportamiento postural estático en el dominio del tiempo en 10 individuos con ampu-
tación transtibial (SAT) y 10 individuos no amputados (SNA) utilizando plantillas instrumentadas piezoeléctricas
para medir el centro de presión (CP). Los parámetros analizados incluyeron la excursión de la trayectoria del CP, la
velocidad del CP, el rango, el valor RMS, la amplitud media y las amplitudes máxima y mínima, calculadas tanto
en la dirección anteroposterior como en la mediolateral.
Resultados: Se encontraron diferencias significativas entre los grupos SAT y SNA en todos los parámetros y en am-
bas direcciones (p<0,05). Ambos grupos mostraron una preferencia por la variación en la dirección anteroposterior;
sin embargo, el grupo SAT exhibió una alta variabilidad en las mediciones en esta dirección.
Conclusiones: Estos hallazgos pueden proporcionar información valiosa sobre cómo la amputación y las prótesis
pueden influir en la estabilidad y el equilibrio de los individuos, lo que podría ser útil en los procesos de rehabili-
tación y en el diseño de prótesis destinadas a mejorar la calidad de vida de esta población.
Financiación: Este artículo de investigación científica deriva del proyecto de investigación .Aplicación de la agrupa-
ción (clustering) como método de discriminación de la distribución de la presión plantar en individuos con ampu-
tación transtibial", financiado por la Universidad Distrital Francisco José de Caldas, Bogotá, Colombia.

Palabras clave: análisis lineal, amputados transtibiales, control postural, estabilidad estática, posturografía.

Introduction

Amputation is the procedure in which a part of the body is removed due to reasons such

as traumatic injury, disease, or surgical intervention. According to Iglesias Triviño (1), the most

common causes of amputation include vascular, traumatic, and oncological pathologies. Lo-

wer limb amputation accounts for 85 % of all amputations, with transtibial amputation being a

recurrent procedure. It is worth noting that regardless of the level of amputation, the loss of a

lower body segment has a significant impact due to alterations in the sensory and musculos-

keletal systems, modifications in the functioning of directly and indirectly involved segments,

and the effects on functions such as body support, gravity force control, bipedal stance, and

ambulation. Consequently, individuals with this condition may experience difficulty maintai-

ning stability (1, 2).

Stability is defined as the ability of individuals to maintain an upright and balanced posture

while standing, preserving postural control to keep the center of body mass within the limits

of the support hexagon. This applies to both static and dynamic conditions, ensuring balan-

ce during functional movements (3, 4). In individuals with transtibial amputation who use

prosthetics, some factors influence static stability, including: 1) Prosthetic Design: The design

and components of the prosthesis play a crucial role in maintaining stability. Recent develop-

ments have led to prosthetic feet and ankles designed to mimic the biomechanics of a biological
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foot, offering improved shock absorption, energy return, and standing stability. 2) Socket Fit

and Alignment: The socket is the part of the prosthesis that connects with the residual limb or

stump. Proper socket fit and alignment are essential for stability. A poorly fitting or misaligned

socket can cause discomfort, uneven weight distribution, and reduced stability.

3) Muscle Strength and Control: Balance maintenance also relies on the strength and control

of the remaining muscles in the residual limb and the intact limb. 4) Posture and Weight Dis-

tribution: Amputees may need to learn how to distribute their weight evenly and adjust their

posture to prevent leaning or falling. 5) Sensory Feedback: Prosthetics do not provide the same

level of sensory feedback as biological limbs (2, 5, 6).

Postural stability is characterized by quantifying the displacement of the center of pressure

(COP) over time. The COP represents the vertical ground reaction force that reflects the for-

ces and torques at the ankle. It is recorded using devices that sense the force between the foot

and the support surface, providing a time series of COP position in both the anterior-posterior

(AP) and medial-lateral (ML) directions. These AP and ML time series reveal patterns of pos-

tural behavior and are analyzed independently using various techniques in both the time and

frequency domains (7, 8). Among the linear measures of COP in the time domain are: Ran-

ge: Quantifies the specific maximum body oscillation. Excursion: Measures the total COP path

length, calculated by summing the distances between adjacent points in the time sequence.

RMS (Root Mean Square): Represents the standard variation of COP displacement, average

amplitude, as well as minimum and maximum amplitudes. Velocity: Represents displacement

of COP over a measured time period (9).

Studies analyzing COP behavior in individuals with transtibial amputation provide in-

sights into their adaptation to amputation and the impact of different prosthetic interventions

on their balance control (6, 10–12). By comparing COP data between non-amputated subjects

and those with amputations, researchers and medical professionals can obtain information

about the effectiveness of prosthetic interventions and rehabilitation strategies. Therefore, the

objective of the study is to compile data on linear COP variables in the time domain for indivi-

duals with unilateral transtibial amputation and compare it with non-amputated individuals.

Methodology

Participants (10 non-amputated (SNA) and 10 with unilateral transtibial amputation (SAT))

stood on instrumented insoles to measure plantar pressure and were instructed to stand still.

The experiment consisted of three static tests, each lasting 30 seconds, with a five-minute rest

interval between them. Time-domain stability characteristics were calculated based on the re-
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gistration of the plantar pressure center under the feet. Non-amputated subjects and transtibial

amputees were compared.

Participants

The sample of statically registered postural stability data consisted of ten non-amputated

subjects (age=37.4±9.03 years, height=168.4±7.106 cm, weight=67.4±14.955 kg) and ten men

with unilateral transtibial amputation (age= 31.1±3,213 years, height=171.8±0.067 cm,

weight=78.1±7.824 kg). Exclusion criteria included lower-limb injuries in the last six months

and any musculoskeletal condition that could interfere with postural stability, such as lower

limb pain or a neurological disorder. Ethical approval for this study was obtained from the

Bioethics Committee of Universidad Distrital Francisco José de Caldas.

Experimental Procedures

Static postural stability was tested using the Romberg test under the first condition: stan-

ding with eyes open on firm ground. This task was chosen because it reflects natural posture.

Subjects were asked to stand upright on instrumented insoles with 99 piezoelectric sensors each

(Novel, Pedar, USA), with their arms at their sides, wearing their normal footwear, remaining

as stable as possible, and looking straight ahead at a white wall 1.5 meters away from the wall.

Data Processing

All data from the instrumented insoles were processed offline using MATLAB software

(R2023, MathWorks, USA) and filtered using low-pass Butterworth filters with a cutoff fre-

quency of 10 Hz (12). Considering the researcher’s oral instructions at the beginning and end

of the static postural bipedal test (PS), the first and last 5 seconds of unprocessed data were dis-

carded. Excursion of the CP trajectory, CP velocity, range, RMS value, average amplitude, and

maximum and minimum amplitudes were calculated in both anteroposterior and mediolateral

directions.

Statistical Analysis

Processed data were statistically analyzed using MATLAB software (R2023, MathWorks,

USA). The normality of data distribution was examined using the Shapiro-Wilk test (<50 sam-

ples). For comparisons of SAT data against SNA, the Mann-Whitney U test was used for non-

normal variables, and the Levene test for equality of variance for normal variables. An inde-

pendent T-test was used for equal variances, and Welch’s T-test was employed for unequal

variances. Significance was tested at p <0.05.
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Normality in Data Distribution: The normal distribution, or Gaussian distribution, repre-

sents how various numerical values of continuous variables are distributed in nature; in this

case, CP oscillation and CP velocity for both SAT and SNA groups.

Shapiro-Wilk Test: This test evaluates whether a population sample is normally distributed.

We used it to test for normality. The higher this statistical value, the more variance there is from

the normality line. Therefore, the null hypothesis will be rejected. It is recommended for small

samples, numbering fewer than 50 observations.

T-Test and Non-Parametric Alternatives: Non-parametric tests do not assume a probability

distribution for the data.

Distribution-free: The data is not normally distributed and does not have a particular dis-

tribution.

Statistical Significance Level: Also denoted as Alpha or α; it is the probability value of re-

jecting the null hypothesis when it is true. For example, a significance level of 0.05 indicates a

5 % risk of assuming there is a difference when, in reality, there is none.

Results

Ten male SAT subjects and ten SNA subjects (four women and six men) performed the static

postural assessment test. Data related to static postural stability parameters concerning CP

oscillation and CP velocity are presented in Table 1. The values of these data differed between

the examined groups. All parameters are higher in the transtibial amputee group, as shown in

Figure 1.

Tabla 1. Results of the static postural assessment test

PARAMETER ADDRESS SAT SNA P

EXCURSION Mediolateral 141,919 36,984 0,002

(mm) Anteroposterior 785,290 199,330 0,001

VELOCITY Mediolateral 1,151 0,183 0,000

(mm/s) Anteroposterior 3,791 0,873 0,000

RANGE Mediolateral 1,520 0,367 0,001

(mm) Anteroposterior 8,124 2,113 0,000

RMS Mediolateral 0,379 0,096 0,001

(mm) Anteroposterior 2,088 0,541 0,002
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MEAN Mediolateral 0,313 0,081 0,001

(mm) Anteroposterior 1,730 0,439 0,001

MAXIMUM Mediolateral 0,737 0,184 0,001

AMPLITUDE (mm) Anteroposterior 4,203 0,945 0,001

MINIMUM Mediolateral -0,783 -0,183 0,001

AMPLITUDE (mm) Anteroposterior -3,921 -1,168 0,002

Note. This table displays the data of the postural stability parameters related to the CP

oscillation and CP velocity of the twenty subjects. Own elaboration.

Figura 1. Behavior of linear parameters of the center of pressure in the time domain for subjects with
SAT and SNA, shown in the anteroposterior and mediolateral directions

Note. Own elaboration

In the static bipedal position, all CP parameters in the time domain show higher values in

the anteroposterior direction than in the mediolateral direction in both groups. The excursion

of the CP is greater in amputated individuals compared to non-amputated ones, with higher

movement observed in the anteroposterior axis than in the medial-lateral axis. Regarding the

RMS value, there are significant differences in the amplitude of CP oscillations between ampu-

tees and non-amputees; amputated individuals experience wider CP oscillations during static
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tests compared to non-amputated individuals. The displacement shows that amputees exhi-

bit marked variability in the anteroposterior direction, as shown in Figure 2. CP velocity is

higher in the group of individuals with amputation compared to the group of non-amputated

individuals in both directions; however, when comparing both directions, oscillation velocity

increases in the anteroposterior direction for both groups.

Figura 2. Center of pressure displacement in SAT and SNA, shown in the anteroposterior and mediola-
teral directions during the test recording time

Note. Own elaboration

One way to visually assess the displacement behavior of the CP is through a statokinesio-

gram. In this graph, mediolateral data is taken as the X-axis, and anteroposterior data as the

Y-axis. Figure 3 shows the statokinesiogram of the examined groups.

Additionally, a software tool was developed in Python that allows for the visualization of

linear parameters in both graphical and numerical formats, facilitating the examination of the

linear behavior of the CP for medical personnel or researchers. Another advantage of the soft-

ware is that it can read data from a flat file, enabling it to process CP data from any sensor

device.

The software incorporates a 95 % confidence ellipse graph. This method allows for the ex-

ploration of the area covered by the CoP displacement. It involves fitting a prediction ellipse to

cover the anteroposterior CoP against mediolateral CoP data. This procedure is accomplished

using principal component analysis to achieve a 95 % probability that a new observation falls

within the ellipse. It calculates the covariance matrix of the data, performs singular value de-
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Figura 3. Statokinesiogram of the two examined groups

Note. The SNA group shows less displacement in both directions compared to SAT. Own

elaboration.

composition, obtains the 95th percentile function, and calculates the ellipse’s area. Figure 4

shows the graphical interface of the software.

The analysis of the SNA group using the software is shown in Figure 5. When comparing

the confidence ellipse of the two groups, it can be observed that the area of the ellipse is larger

in SAT.

Discussion

The center of pressure (CP) refers to the point on the ground where the resultant force of all

ground reaction forces acting on a body is concentrated. It is often used as an indicator of how

a person distributes their weight and maintains balance during activities that require standing

on two feet, which is why its study allows for the detection of behavior specific to a population

group (8). Therefore, it was used in this study in an attempt to obtain conclusive data from

individuals with transtibial amputation.

In the present study, it was evident that the excursion of the CP is greater in amputated indi-

viduals compared to non-amputated ones, which could be due to the influence of the prosthe-

sis, changes in biomechanics, or neuromuscular factors related to amputation. The excursion

values in the anteroposterior direction are higher than in the mediolateral axis, a situation that

could be related to weight distribution and postural changes during balance tests, indicating

the use of ankle strategies to maintain balance, which is consistent with the results of studies

using a similar testing protocol (5, 13).
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Figura 4. Software environment developed for visualizing linear parameters in the time domain of the
CP, data analysis is performed for the SAT group

Note. Own elaboration.

The variation in RMS suggests that the significant differences present between the groups

may be a consequence of the biomechanical conditions and balance control experienced by

individuals in each group. Furthermore, in the SAT group, it is related to biomechanical and

neuromuscular adaptation following amputation (7).

The significant difference between CP displacement values between the groups (as shown

in Figure 3), especially in the anteroposterior direction (as seen in Figure 2), allows us to assert

that amputees have reduced capacity in maintaining stability, a situation that may be rela-

ted to the loss of anatomical structures and changes in neuromuscular function due to ampu-

tation (6, 13, 14).

Individuals with transtibial amputation experience higher velocity in CP displacement du-

ring static standing compared to individuals without amputation, and these data are similar

to those of other studies (5, 6). Considering the parameter of velocity in either the mediolateral
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Figura 5. Analysis of the SNA group using the developed software

Note. Own elaboration.

or anteroposterior direction, the SAT group shows less stability (higher mean levels) than the

SNA group. In static balance, the ankle strategy is responsible for controlling movements in

the anteroposterior axis, involving torque generated by the plantar and dorsal flexors of the

ankle. In individuals with transtibial amputation, the ability to use an ankle strategy is impai-

red, which would explain the greater instability in this direction compared to the lateral one.

Research shows that individuals with transtibial amputation have difficulty bearing load on

the lower limb due to existing joint instability in the sagittal and frontal planes, primarily at the

knee joint. The larger area of the ellipse in SAT indicates that this group has greater oscillation

than SNA. The ellipses also reveal a preference for displacement in the Y-axis, meaning in the

anteroposterior direction. Despite technological advances in prosthetics, the asymmetry in load

between the two lower limbs of amputees persists, leading to an overload of mechanical stres-

ses on the biological lower limb, which can cause pain or joint cartilage degeneration (2,15,16).
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Conclusions

The study of the analysis related to transtibial amputation and its impact on static bipedal

stability revealed that individuals with unilateral transtibial amputation exhibit greater oscilla-

tions in both the mediolateral and anteroposterior directions compared to the non-amputated

group. These oscillations could result from several factors:

• Loss of anatomical structures: Transtibial amputation entails the loss of part of the leg,

which can affect the structure and biomechanical function of the lower limb. The absence

of a portion of the limb can make it more challenging to maintain balance and stability.

• Altered sensorimotor system: Amputation can disrupt the sensorimotor system, which

includes sensory feedback (from receptors in the skin, muscles, and joints) and motor

response (muscle control). This can lead to reduced perception and control of one’s own

body in space, affecting balance.

• Reduced neuromuscular response: The description mentions a reduced neuromuscular

effector response. This could refer to the ability of the remaining muscles to respond

efficiently and cohesively to nerve signals, which can hinder body stabilization during

balance.

• Poor sensorimotor integration: The mentioned poor sensorimotor integration may indi-

cate issues with how the central nervous system processes and uses sensory information

to control movements and maintain stability. The lack of adequate sensory feedback can

make real-time adaptation to maintain balance challenging.

In summary, individuals with transtibial amputation may face significant challenges in

maintaining balance due to the loss of anatomical structures, changes in the sensorimotor sys-

tem, and potential issues with the integration of sensory information and motor response. The

behavior of the center of pressure in transtibial amputees is a complex and diverse subject that

involves an interplay of anatomical, biomechanical, and individual adaptation factors.

The results of this research can be valuable in rehabilitation and the design of specific inter-

ventions to improve the stability and quality of life of amputated individuals. The utility lies in

understanding how amputations and factors inherited from this condition affect stability and

balance. As such, the importance of rehabilitation and the development of specific strategies to

support the integration processes and functionality of amputated individuals is emphasized.
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