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Assessment of the impact of prosthetic foot support flexibility
on gait in a patient after lower limb amputation at thigh level

Ocena wptywu elastyczno$ci podparcia stopy protezowej na chod u pacjenta po amputacji
konczyny dolnej na poziomie uda

Mateusz Curyto'AB.CD.EFRG) Agnieszka Ciukszo?AB.CD.EF) Marcin Zaczyk3(AB.EC)
Damian Szubski4P-F.6), fukasz Strzepek5(F), Bolestaw Karwaté(F), Jan W. Raczkowski(P-F)

'Uniwersytet Medyczny w todzi / Medical University of Lodz, Poland .
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Department of Adapted Physical Activity and Sport, Chair of Physiotherapy, School of Health Sciences in Katowice, Medical University of Silesia, Katowice, Poland

3Politechnika Warszawska, Wydziat Mechatroniki, Instytut Mikromechaniki i Fotoniki, Zaktad konstrukcji urzadzen Precyzyjnych, Warszawa /
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Abstract

Objective. The article presents the results of experimental studies, the main objective of which was to determine how the degree of
flexibility of the lower limb prosthesis support system impacts the pattern of secondarily learned gait in a patient after amputation.
Material and methods. The study was carried out on a patient (35-year-old man) after lower limb amputation at the level of 1/3 of the
proximal femur, who followed a previously planned walking path. Inclusion criteria: gender F and M, amputation at 1/3 of the proximal
femur, age below 40, traumatic amputation, average level of activity, use of a prosthesis for at least one year. Exclusion criteria: age over
40, amputations below 1/3 of the proximal femur, amputations for vascular reasons, activity level below average, use of a prosthesis for
under one year. During the study, the patient was equipped with three support systems corresponding to three degrees of flexibility of
the prosthetic foot (soft, medium, hard). Biomechanical data during gait was collected using FlexinFit by Sensor Medica for assessing the
pressure between the foot and the inside of the shoe.

Results. In the entire gait cycle, the support phase on the healthy limb was the longest. The hard support system generates the greatest
asymmetry of the transferred loads between the limbs. In this support variant, the difference in load between the healthy limb and the
amputated limb was 1,330 kg/m?, which represented an asymmetry of 21%. In terms of load distribution, the best support was medium
support - medium support flexibility, for which the difference in load between the healthy limb and the amputated limb was 770 kg/m?,
which was an asymmetry of 12%.

Conclusions. When designing a prosthesis for people after lower limb amputation, it is crucial to correctly adjust its features to the
individual needs of each patient (adjusting prosthesis kinematics, adjusting support system stiffness), so that gait is possibly closest to
normal with low energy demand.

Key words:
lower limb amputation, gait analysis, prosthetic gait, prosthetic rehabilitation

Streszczenie

Cel. Praca przedstawia wyniki z badan doswiadczalnych, ktérych gtéwnym celem byto okreslenie, w jaki sposéb stopien elastyczno$ci
uktadu podparcia protezy koniczyny dolnej wptywa na wzorzec wtdrnie wyuczonego chodu u pacjenta po amputacji.

Materiat i metody. Badanie zrealizowano z udziatem pacjenta (35-letni mezczyzna) z amputacja koniczyny dolnej na poziomie 1/3
blizszej kosci udowej, ktory pokonywat zaplanowang wczesniej $ciezke chodu. Kryteria wiaczenia: pte¢ Ki M, amputacja na poziomie
1/3 blizszej uda, wiek ponizej 40. r.z., amputacja urazowa, poziom aktywnosci $redni, korzystanie z protezy co najmniej rok. Kryteria
wyltaczenia: wiek powyzej 40. r.z., amputacje ponizej poziomu 1/3 blizszej uda, amputacje z przyczyn naczyniowych, poziom aktywnosci
nizszy od Sredniego, korzystanie z protezy ponizej jednego roku. W trakcie badania pacjent byt zaopatrzony w trzy uktady podparcia,
odpowiadajace trzem stopniom elastycznosci stopy protezowej (miekkiej, Sredniej, twardej). Dane biomechaniczne w trakcie chodu
zebrano za pomoca systemu oceny naciskéw pomiedzy stopa a wnetrzem buta - FlexinFit firmy Sensor Medica.

Wyniki. W catym cyklu chodu faza podporu na konczynie zdrowej trwata najdtuzej. Uktad podparcia o charakterystyce twardej generuje
najwieksza asymetrie przenoszonych obcigzen miedzy konczynami. W tym wariancie podparcia réznica obciazenia miedzy konczyna
zdrowg a koficzyng amputowang wynosita 1330 kg/m?, co stanowilo asymetrie na poziomie 21%. Pod wzgledem rozktadu obcigzenia
najlepsze okazato sie podparcie o charakterystyce Sredniej - Srednia podatnos¢ podparcia, dla ktérych réznica obcigzenia miedzy
koniczyng zdrowa a koficzyng amputowang wynosita 770 kg/m?, co stanowito asymetrie na poziomie 12%.

Wnhnioski. Podczas projektowania protezy dla os6b po amputacji konczyny dolnej kluczowe jest prawidtowe dopasowanie jej cech do
indywidualnych potrzeb pacjenta (regulacja kinematyki protezy, dostosowanie sztywnosci uktadu podparcia), by chdéd byt najblizszy
prawidtowemu z matym zapotrzebowaniem energetycznym.

Stowa kluczowe:
amputacja konczyny dolnej, analiza chodu, chéd protetyczny, rehabilitacja protetyczna

56 www.fizjoterapiapolska.pl
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Introduction

Gait is one of the forms of locomotion that involves alternately
losing and regaining balance in the alternating phases of
support and transfer. Unlike running, gait is a process of
moving in which at least one foot is always in contact with the
ground [1, 2, 5, 6]. Normal gait is described as the result of the
interaction of many elements of the musculoskeletal system. It
includes endurance of the skeletal system, effectiveness of the
nervous system, and efficiency of the muscular system [3, 4, 7,
8, 9]. The locomotive activity in the form of walking is
generated by the central nervous system, and information
about the need to move is transmitted to the muscles through
the corticospinal tract. Walking is one of the basic forms of
locomotion when satisfying life needs [10, 11, 12]. It is there-
fore important to monitor and diagnose gait parameters, espe-
cially in people with reduced mobility, e.g. as a result of limb
amputation. The study of gait parameters as well as internal
and external factors impacting the gait pattern allows for the
definition of guidelines related to the process of gait re-edu-
cation so that this process is carried out in a biomechanically
correct and energetically optimal manner [13, 15, 16]. There-
fore, the knowledge about the impact of support flexibility in
the prosthetic foot on the quality of gait becomes crucial.
This article presents the results of preliminary studies on the
impact of support flexibility in a prosthetic foot on the gait
pattern of a patient after lower limb amputation at thigh level.
The study focuses on the analysis of the load on the lower
limbs and the duration of individual phases in the gait cycle for
different values of prosthetic foot support flexibility. Finding
the most favourable support stiffness for a given type of gait
will allow for the seclection of the appropriate prosthetic
equipment or sufficiently stiff inserts, so that gait is
biomechanically  closest to the normal  pattern.
Biomechanically normal gait reduces the risk of locomotor
injuries and energy demand [14, 18, 19].

Material and methods

The study involved gait analysis in a patient after lower limb
amputation caused by accidental damage to the locomotor
apparatus at the level of 1/3 of the proximal femur. The study
participant was equipped with a measuring system that
measured the reactions of the foot platform in relation to
footwear. At the same time, the changes in position were
measured with the use of an accelerometer, thus determining
the trajectory of the limb movement. The gait analysis included
measurements on a 10 m section of a straight road on a flat
linoleum surface.

Inclusion criteria: gender W and M, 18 years of age < patient’s
age < 40 years of age, amputation at the level of 1/3 of the proxi-
mal femur, traumatic amputation, average activity level, use of
a prosthesis for at least one year, consent to participate in the study.
Exclusion criteria: 18 years of age > patient age > 40 years of
age, amputation below the level of 1/3 of the proximal femur,
amputation for vascular reasons, congenital defects of the
musculoskeletal system, having a hip replacement, bilateral
amputation, activity level lower than average, using
a prosthesis for less than one year, no consent or withdrawal of
consent to participate in the study.

www.fizjoterapiapolska.pl 57
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The participant of the study was a 35-year-old man weighing
80 kg after amputation of the lower right limb at thigh level,
using a Sach foot prosthesis and a Streifeneder knee prosthesis
model 3A25 on a daily basis. The patient has been wearing the
prosthesis for five years. He wears shoes size 40 EU. The
stability of the prosthetic knee in the support phase is achieved
thanks to polycentric kinematics. The extension support and
axial friction in the prosthetic knee joint are adjustable. During
the tests, both the walking speed and the energy expenditure,
which did not exceed 5.5-7.5 kcal/min, were controlled.
During the study, the patient performed two activities for each
of the tested prosthetic feet. The first activity was an attempt to
statically stand for 20 seconds with a pressure registration
frequency of 400 Hz. The second activity was a dynamic test
consisting in performing a series of walking cycles along the
designated track at the same speed. The length of the entire
track was 10 m and at the same time it was the entire measuring
section with an average walking speed of 5-6 km/h. At this
speed, the participant felt the highest walking comfort during
the performance of tasks. The patient was equipped with three
support systems of different flexibility (soft, medium, hard).

Soft prosthesis foot

The patient was equipped with a lower limb prosthesis with
a highly flexible platform — a “soft” foot with a so-called stiff ankle
joint. The soft value of support flexibility in the foot should be
understood as the deformation of the foot platform in the sagittal
plane by 3% of its length under the static weight of the user.

Medium prosthetic foot

The test was repeated with the use of a prosthetic foot with
a medium value of support flexibility. Medium susceptibility
to deformation in the foot should be understood as
deformation of the foot platform in the sagittal plane by 2% of
its length under the static weight of the user.

Hard prosthetic foot

The third test was made with a prosthetic foot with a hard
support value. The hard value of support flexibility in the foot
should be understood as the deformation of the foot platform
in the sagittal plane by a value of <1.5% of its length under the
static weight of the user.

The study was conducted in the form of three tests. The study
participant was equipped with a measuring device — a sensory
system for assessing the pressure between the foot and the
inside of the shoe — FlexinFit by Sensor Medica [Sensorized
System for the Evaluation of the Foot Pressure Inside the Shoe]
(Fig.1). The measurement itself involved placing an active
insert, which included 214 resistance sensors per foot. These
sensors recorded data with a frequency of 25-50 Hz in the
measuring range of 0-100 N/cm? with a sensitivity of 0.1 N with
a 10-bit converter. In this way, the points of maximum pressure
of the foot on the ground, the duration of individual phases of
gait and the distribution of pressure on the entire contact surface
of the foot with the ground were recorded. The results obtained
during the gait analysis were averaged and the tests for each
support flexibility were compared with each other.

www.fizjoterapiapolska.pl
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right prosthesis foot

replaceable elements of the foot platform with different stiffness:
A — soft foot support

B — medium foot support

C — hard foot support

right limb footwear with biomechanical data recording module

right foot shoe insert

insert with right foot measurement (resistance) sensors

right footwear sole

left foot (healthy)

left limb footwear with data recording module

left footwear inserts

left footwear sole

Fig. 1. Structure of registration of biomechanical measurements during the study, Source: Sensor Medica
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Individual tests differed only in the value of support flexibility
in the foot prosthesis. The change in the value of flexibility in
the prosthetic foot was carried out by replacing the foot
platform. Three different prosthetic foot platforms with
different flexibility have been developed. To ensure the
repeatability of the reference conditions, the geometry of the
prosthetic foot platform was the same for all flexibility values.
Three tests were performed for: soft, medium and hard foot
support flexibility.

Results

The study resulted in the collection of the results of static tests
and dynamic tests for three types of support in the prosthetic
foot. All the obtained test results were averaged. The obtained
biomechanical parameters from individual gait tests were
analysed in relation to the time distribution for individual gait
phases. To simplify the analysed gait cycles, it was divided
into four main phases using the simplified gait description
according to Rancho Los Amigos Hospital Gait Laboratory [2,
20, 21]. Full foot load was assumed to be the beginning of the
cycle:

Phase I: full foot load — swing,

Phase II: initial contact, the heel of the foot touches the
ground,

Phase III: transferring body weight to the foot — breaking
contact with the ground by the other foot (loading response),
Phase 1V: full foot load — pelvis crosses the support plane
(terminal stance).

For such a simplified description of the gait cycle, the
percentage share of individual gait phases in the gait cycle was
determined. The obtained biomechanical parameters of gait for
soft support flexibility in the prosthetic foot are summarized in
Table 1.

Table 1. Numerical values of the gait parameters obtained for soft support

Soft support flexibility in the foot 3%

Amputated Left
Value Standard deviation Standard deviation

0.00005 0.025 0.00045 S
Phase |
0.00005 2 0.04000 %
0.225 0.00405 0.1 0.0018 S
Phase 11
26 0.52000 10 0.20000 %
0.65 0.01170 0.7 0.01260 S
Phase 111
74 1.48000 68 1.36000 %
0.00005 0.2 0.0036 S
Phase IV
0.00005 20 0.40000 %
P max 25960 545.16 25040 525.84 kg/m?
P mean 5070 101.40 5970 119.40 kg/m?
Speed 198 37.620 325 6.175 mm/s
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Similarly, the results of the tests obtained during the gait
assessment with the foot platform, corresponding to medium
support flexibility, are presented and summarized in Table 2.

Table 2. Numerical values of the gait parameters obtained for medium support

Medium support flexibility in the foot 2%

Amputated Left
Value Standard deviation Standard deviation

0.00005 0.025 0.00045 S
Phase |
0.00005 3 0.06000 %
0.4 0.00720 0.025 0.00050 S
Phase 11
42 0.84000 3 0.05400 %
0.55 0.09900 0.475 0.00950 S
Phase 111
58 1.16000 66 1.18800 %
0.0005 0.2 0.00400 S
Phase IV
0.0005 28 0.50400 %
P max 20080 421.68 20680 43428 kg/m?
P mean 5270 105.40 6040 120.80 kg/m?
Speed 251 4.769 733 13.927 mm/s

The results of the tests obtained during the assessment of gait
with the foot platform corresponding to hard support flexibility
are summarized in Table 3.

Table 3. Numerical values of the gait parameters obtained for hard support

THard support flexibility in the foot <1.5%

Amputated Left

Value Standard deviation Standard deviation

0.00005 0.025 0.00045 S
Phase |
0.00005 4 0.08000 %
0.35 0.0063 0.05 0.00100 S
Phase 11
7 0.14000 8 0.14400 %
4.475 0.08055 0.425 0.00765 S
FPhase II1
93 1.86000 65 1.30000 %
0.00005 0.15 0.00270 S
Phase IV
0.00005 23 0.46000 %
P max 19040 399.84 21200 445.20 kg/m?2
P mean 4880 97.60 6210 124.20 kg/m?
Speed 181 3.439 523 9.937 mm/s
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Discussion

The conducted study was aimed at showing how the flexibility
of prosthetic foot support impacts the gait pattern. During the
study, it was observed that in the healthy limb, two phases are
dominant in relation to the amputated limb. The phase related to
the initial contact of the foot with the ground — phase II and the
transfer of body weight to the foot (breaking contact with the
ground by the other foot) — phase III. The observed fact proves
that an amputee tries to stay as long as possible on the healthy
limb while walking. The unequal division of these phases in the
gait cycle can overload healthy segments of the locomotor sys-
tem and lead to secondary injuries. The conducted study has
shown that the load on the limbs while walking is not symmetri-
cal. The greatest asymmetry was observed for the average loads
with hard support — hard support flexibility in the foot. In this
support variant, the difference in load between the healthy limb
and the amputated limb was 1,330 kg/m?, which represented an
asymmetry of 21%. In terms of load distribution, medium sup-
port turned out to be the best — medium support flexibility in the
foot, for which the difference in load between the healthy limb
and the amputated limb was 770 kg/m?, which was an asymme-
try of 12%. For soft support — soft support flexibility in the foot,
the difference in load between the healthy limb and the amputa-
ted limb was 900 kg/m?, which was an asymmetry of 15%. The
analysis of the duration of individual phases in the gait cycle for
the healthy and amputated limbs showed that the largest discre-
pancies were recorded for medium support. This parameter was
most advantageous when walking with the prosthesis with the
greatest flexibility — a “soft” prosthetic foot. The conducted stu-
dy has shown that excessive stiffness of the foot platform may
contribute to the incorrect distribution of the load between the
limbs and may increase the asymmetry of the step length, exces-
sive load on the healthy foot, causing a number of negative ef-
fects in the locomotor apparatus. Vitali et al. [22] and Przezdziak
[23] came to similar conclusions. New scientific publications
and the exchange of clinical experiences may contribute to the
standardization of procedures in the selection of an appropriate
prosthesis as well as proposing other forms of assessing the ef-
fectiveness of a given set of prosthetic components [6,17].

Conclusions

Taking into account the results obtained in the study, it is

stated as follows:

* the key to achieving gait symmetry is the correct adjustment
of the entire prosthesis to the patient’s individual features
(setting prosthesis kinematics, adjusting its stiffness);

« stiff support in a prosthetic foot causes greater, unfavourable
changes in the learned gait pattern than soft support;

* an incorrect gait pattern generates high energy demand;

* the best load distribution is generated while walking with
medium support.

The results of preliminary studies on the analysis of support

hardness are a prelude to further discussion on the topic of gait

analysis in patients after amputation at thigh level. The group
of subjects should be larger based on the inclusion criteria.

Difficulties related to gathering a homogeneous group are

exacerbated by a relatively small number of amputations for

traumatic and accidental reasons performed per year in Poland.
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In addition, in order for the data to be as reliable as possible,
people using a similar knee and foot prosthesis should
participate in such a study. These factors significantly narrow
the potential group of people who can be included in the study,
therefore such recruitment takes time.
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