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Abstract: Microprocessor-controlled prosthetic knees (MPKs) improve the safety and functional capa-
bilities of transfemoral amputees, but there is a lack of information on plantar pressure distribution
and effects among individuals who have undergone transfemoral amputation of the sound limb.
(1) Background: The aim of this study was to determine possible compensatory mechanisms in gait by
evaluating intact extremity foot plantar pressure distribution in young MPK prosthesis users. Twenty-
one patients with unilateral transfemoral amputation (TFA) and twenty-four healthy individuals
were selected for the study. (2) Methods: The WalkinSense system was used to assess different foot
plantar pressure distribution parameters as the participants walked at their chosen walking speed.
Plantar pressure peaks and activation percentages in the eight foot regions were measured during the
gait cycle. (3) Results: The pressure peaks and activation percentages in the sound limb with TFA
patients and healthy subjects were measured, and statistically significant differences between the
two groups were identified. The 1-, 2-, 3-, 4-, and 6-point sensor activation percentages significantly
increased, whereas the 7- and 8-point sensor activation percentages decreased in the sound limb
TFA participants compared with the healthy subjects. Peak plantar pressure sensor points 1, 3, 4,
and 6 increased in the TFA sound limb foot in relation to healthy individuals, while they decreased
in point 8. (4) Conclusion: In this study, with the use of a microprocessor knee joint TF prosthesis,
in the evaluation of the underfoot pressure of intact legs, the maximum pressure point shifted to
the forefoot, and it was observed that the forefoot and midfoot were more active during walking
compared with the control group. This may indicate that gait compensation and plantar flexion in
the sound limb are used more forcefully in the gait cycle.

Keywords: transfemoral amputees; plantar pressure distributions; microprocessor-controlled knee joints

1. Introduction

Unilateral transfemoral amputees exhibit lower-limb asymmetry because of ampu-
tation and distinctive gait characteristics compared with healthy adults [1,2]. They are
affected to changes in suspension systems, prosthetic alignment, and prosthetic compo-
nents, such as the feet, and knee joints [3-6].

In transfemoral amputees, vaulting may be encountered during the prosthetic swing
phase as a gait-compensatory mechanism meant to assist toe clearance. This mechanism is
observed with the plantar flexion of the contralateral ankle during the single-limb support
phase. Drevelle et al. found that the contralateral limb of transfemoral amputees with
vaulting produces higher ankle power during the single-support phase [7]. Borg et al. stated
that a significant difference in the plantar pressure-time integral under second—fourth MTP
joints maintained in the intact contralateral limb in patients who were transtibial amputees
may be the result of changes in gait [8].

The preservation of the contralateral limb is of critical importance, as it may impact
the patient’s mobility and quality of life. Mehryar et al. studied muscle synergies between
healthy subjects and transfemoral amputees, and statistically significant differences were
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observed particularly during the stance phase, which mainly activates plantar flexors in
the gait cycle in the stance phase in TFA [9].

Technological advances that have led to the emergence of prosthetic knees with
electronically controlled stance and swing phases have greatly increased the functional
capabilities and safety of transfemoral amputation patients. The use of this technology can
improve and increase mobility [10-13] and walking speed [12-14], while reducing the use
of walking aids reduces gait asymmetry [15-17].

Plantar pressure analysis is clinically effective in the diagnosis of foot deformities, the
detection and treatment of gait disturbances, and the prevention of foot ulcers [18,19].

One of the main parameters used in plantar pressure analysis is peak plantar pressure,
which is considered to be the highest pressure that occurs in certain parts of the foot
during the gait cycle. The instant of pressure peaks can also be calculated, allowing for
the recognition of the order in which different parts of the foot are activated. However,
the validity of plantar pressure analysis has not yet been determined, and its clinical
applicability in field prosthetic use is not clear. Geil and Lay studied the ability of a
plantar pressure analysis system to detect changes in the prosthetic alignment of transtibial
amputees and concluded that plantar foot pressure analysis is a sensitive and applicable
tool that can help clinicians measure gait parameters affected by prosthetic alignment [20].

With regard to the sound limb, although some studies have proven overloading
occurs during gait movement [21-23], temporal foot roll-over features, plantar pressure
distribution patterns, and the identification of specific overloaded zones have yet to be
addressed. This information can assist clinicians in preventing foot plantar injuries such
as blisters, callosity, and skin ulcers that occur at high-pressure peaks in the foot, and
it is beneficial in gait training. Lightweight plantar pressure plates are an effective way
to record these data. Castro et al. indicated that unilateral TF amputees showed an
asymmetrical plantar pressure distribution and that both lower extremities of patients who
had undergone TF amputation were different from healthy subjects, as per plantar pressure
analysis; the participants used mechanical knee joints, and the mean age of the participants
was 50 [24].

The aim of this study was to measure the plantar pressure distribution under the
intact limb of transfemoral amputees using microprocessor prosthetic knees (MPKs) and to
evaluate possible gait compensatory mechanisms. Some studies with the rate of loading
being higher on the intact side of TFA amputees can be found in the literature, but no
articles can be found regarding plantar pressure change on the intact side. We hypothesized
that there is a different plantar pressure distribution between healthy subjects and those
who underwent TFA. We predicted that different gait patterns reflecting biomechanical de-
mands and adaptation because of amputation may affect the intact side’s plantar pressure
distribution. By evaluating the pressure distribution under the intact extremity, compen-
satory mechanisms in walking can be detected and provide more effective information for
gait training.

2. Materials and Methods
2.1. Study Design and Participants

The study participants included 21 subjects with unilateral transfemoral amputa-
tions (29.7 &+ 5 years old; 5 females and 16 males) and 24 age-matched healthy subjects
(21.2 £ 1.7 years old; 9 females and 15 males). The study received approval from the
applicable university ethics committee and complied with the principles outlined in the
Declaration of Helsinki. The manuscript was prepared according to the Publication Manual
of the American Psychological Association using the seventh edition. Each subject signed a
written informed consent form before the commencement of any testing. All participants
underwent amputation more than 2 years before the experiment. Eighteen amputations
were traumatic, two were from diabetes mellitus complications, and one was from vascular
disease; in these non-traumatic cases, the individuals did not show difficulty in gait related
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to the pathology that caused the amputation. Previous walking training and rehabilitation
information for the participants was not obtained as this may differ between centers.

The patients were experienced users of microprocessor-controlled (Ottobock, Pilee,
Freedom, Rheoknee, Ossur, C-Leg) knee prostheses (able to walk safely with a prosthetic
knee for about 1 year) and a prosthetic foot with an energy-storing system. The prosthetic
sockets of all participants were of the total contact type, and a pelvic suspension belt was
not used. The Medicare Functional Classification Level (MFCL) of the prostheses was 3
or 4. The exclusion criteria were defined as the use of walking aids, incompatible socket
fit, recurring skin problems in the stump, and any medical condition that would adversely
affect physical performance during the study. The participants used their typical walking
sports shoes. Each participant underwent a basic physical assessment, particularly focusing
on range of motion and muscle strength.

Manual muscle strength (force-generating capacity) was estimated in the lower ex-
tremity muscle groups, including hip flexors, extensors, abductors, and adductors; knee
flexors and extensors; and ankle dorsiflexors and plantar flexors. The standard testing
positions that are widely used in clinical practice were used for all muscles. A traditional
6-point scale (0-5) was used; half-point scores were allowed between all grades except 4
and 5 [25,26]. The muscle test values varied between 4 and 5 for the intact and amputated
sides of the TFA group. In the healthy individuals, the lower extremity manual muscle test
score was 5. No limitation was detected in the evaluation of the joint range of motion.

2.2. Procedure

The system used in this study, called “WalkinSense”, consists of a data acquisition and
processing unit and eight separate sensors. Underfoot plantar pressure measurements were
carried out using the eight-channel WalkinSense device, and the results were evaluated
by exporting them from the relevant software (Microelectronics, S.A., Tomorrow Options,
WalkinSense version 0.96) [27]. The program consists of a data collection and processing
unit that can measure the plantar pressure distribution during the walking phase and the
percentage of activation of each sensor during walking thanks to sensors placed under
the feet of the person. The participants wore standard and suitable socks equipped with
WalkinSense sensors. The sensor placements under the feet were as follows: sensor number
1 was placed under the big toe, as highlighted by the red color seen in the graphic; sensor
number 2 was placed under the first metatarsal, as highlighted by the green color seen in
the graphic; sensor number 3 was placed under the second metatarsal, as highlighted by
blue color seen in the graphic; sensor number 4 was placed under the third and fourth
metatarsals, as highlighted by the yellow color seen in the graphic; sensor number 5 was
placed between the fourth and fifth metatarsals, as highlighted by the brown color seen
in the graphic; sensor number 6 was placed lateral to the midfoot, as highlighted in dark
pink; sensor number 7 was placed under the medial of the heel, as highlighted in light blue;
and sensor number 8 was placed under the lateral heel, as highlighted in the light brown
graphic (Figure 1). Plantar pressure data were recorded during the dynamic gait cycle
in participants with TF-sound limb and healthy subjects with the foot of their dominant
leg. Pressure values were recorded during the mid-stance phase of the gait cycle when
full weight was applied to the foot and all sensors were active. Activation percentage:
This percentage shows how active the sensors placed under the feet are throughout the
walking cycle. The activation percentage value was also evaluated. The subjects walked
at a self-selected speed along a 10 m long walkway. Statistical evaluation was performed
using the recorded pressure values in the stance phase (Figure 2).



Appl. Sci. 2023,13,12719 40f 10

AaBbCcDdEeF

3D foot options
! :Slauc color scale b
2 f' 1] Right Foot
3 !
4 ais|
Slog e
6 I+, 1
*H Y/
8
: \ [
10
1
12
13
14
15 N

(a) (b)

Figure 1. Underfoot WalkinSense 8-point sensor placements. The placement of the sensors under
the feet (a) and the image of the sensors, each in different colors, was reflected on the screen while
recording (b).
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Figure 2. Figure showing the activity and peak pressures of the underfoot sensors, each shown
separately, during the stance phase.

2.3. Data Analysis

Data were analyzed using a commercial software package made using the SPSS v26
software. Independent samples t-test was used to compare activation percentage and peak
plantar pressure values during the gait cycle between TF patient and healthy subjects.
Differences were assumed to be statistically significant at p < 0.05. The effect size is based
on the context of the study and the conventions for interpreting Cohen’s d (e.g., small = 0.2,
medium = 0.5, and large = 0.8).

3. Results

Twenty-one participants with mild TFA (age = 29.7 £ 5 years; weight =73.8 £ 7.5 kg;
height = 169.5 £ 6.6 cm) and twenty-four healthy subjects (age = 21.2 &+ 1.7 years;
weight = 67.4 £ 8.1 kg; height = 166 £ 6.8 cm) took part in the study (Table 1). A sig-
nificant difference was detected between the BMI values of the subjects. In the healthy
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individuals, the BMI value was recorded as a healthy weight (18.5-24.9) at 24, while in the
TFA group, a BMI value of 25.4 was considered overweight (25.0-29.9).

Table 1. Age and anthropometric characteristics of the participants (mean + standard deviation).

Body Height Body Weight

Age (Years Old) (cm) (kg) BMI
TFA (n=21) 29.7 £5 169.5 £ 6.6 73875 256 £1.2
Healthy subjects (n = 24) 21.2+£17 166.1 + 6.8 674 +81 243 £1.6
p 0.001 * 0.09 0.009 * 0.006 *

BMI: body mass index = body mass/body heightz. * p < 0.05, significant differences between the TFA subjects and
the HS.

The plantar pressure distribution and sensor activation percentage values obtained
from the TF amputees and healthy individuals were examined. The sensor activation
percentage shows how active the sensor is during the stance phase, and with an increase
in the sensor activation percentage, the activity under the sensor indicated under the
foot increases. When we look at the results of the activation percentage of the study, the
activation percentages for sensors 1, 2, 3, 4, 6, 7, and 8 were significantly different under the
sound limb between the TFA and healthy subjects (Table 2). The 1-, 2-, 3-, 4-, and 6-point
sensor activation percentages significantly increased, whereas the 7- and 8-point sensor
activation percentages decreased in the sound limb TF participants compared with the
healthy subjects. In the TF amputees, the percentage of sensory activation in the sound
limb under the foot was higher than that of the control group, especially under sensor
numbers 1, 2, 3, 4, and 6. This result shows that the contact activation of these sensor
regions during the stance phase in walking is higher; i.e., the percentage of contact in
the forefoot and midfoot stance phases is higher than in the control group. The sensor
activation percentages for sensors 7 and 8 were found to be less than those for the control
group. In these sensor regions, the hindfoot region showed less activation during the gait
stance phase. This demonstrates that the contact of the first, second, third, fourth, and sixth
metatarsal phalanx points is more intense than the other points in the stance phase and
that the forefoot of the foot is used more.

Table 2. Demonstration of the sensor activation percentage of the eight sensors with the TFA sound
limb and the healthy subjects in the stance phase gait cycle (mean =+ standard deviation).

Stance Phase Sensor Activation ;11"F=A2froups ?Za;ihy Groups p ]éf:;:;’ssifie
1 sensor activation % 80.7 +£10.7 402 £222 0.001 * 2.32

2 sensor activation % 71.7 £ 15.5 60 £+ 21.2 0.043 * 0.63

3 sensor activation % 80.8 +10.2 542 £255 0.001 * 1.36

4 sensor activation % 86 £ 10 62.1 + 28.9 0.001 * 1.105

5 sensor activation % 77 £25.3 69 + 229 0.273 0.33

6 sensor activation % 614 +16.7 41 £239 0.002 * 0.98

7 sensor activation % 53 +17.2 62.6 + 14.7 0.040 * 0.6

8 sensor activation % 47 £16.7 67 +10.8 0.001 * 1.4

* p < 0.05, Sensor activation percentage significant differences between the TFA subjects and the HS.

When the plantar pressure distribution of the foot was examined, as shown in Table 3,
it was determined that the pressure in sensors 1, 3, 4, and 6 in the stance phase of the
gait was higher in the TF amputee sound limb than in the control group. In addition, the
pressure in sensor number 8 decreased. According to this result, the change in pressure
distribution under the sound limb foot in the TF amputees was significant in sensors 1
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and 8. The maximum plantar pressure values were higher in the TFA group, especially
in the anterior part of the foot. According to the evaluation of the underfoot pressure of
the sound leg with the use of a TF prosthesis, the maximum pressure point shifted to the
forefoot, and the forefoot and midfoot were more active during walking than in the control
group. The rear foot, pressure distribution, and usage percentage were less than those of
the control group. Because of the independent-sample t-test, a significant difference was
found between the groups, with medium and large effect values.

Table 3. Demonstration of the plantar pressure distributions of the eight sensors with maximum
pressure with the TFA sound limb and the healthy subjects (mean + standard deviation).

e TFA Groups Healthy Groups Effect Size
Stance Phase Plantar Pressure Distributions n=21 P n=24 y P P Cohen’s d
1 sensor max plantar pressure (kg/cmz) 2.53 £0.36 1.14 +£0.8 0.001 * 224
2 sensor max plantar pressure (kg/ cm?) 1.45 4+ 0.45 1.40 4+ 0.52 0.742 0.1
3 sensor max plantar pressure (kg/cm?) 1.91 £ 0.34 1.22 £0.73 0.001 * 1.21
4 sensor max plantar pressure (kg/cmz) 1.87 +0.56 1.21+09 0.006 * 0.88
5 sensor max plantar pressure (kg/cmz) 1.36 £0.76 1.27 £0.79 0.696 0.11
6 sensor max plantar pressure (kg/cmz) 0.96 + 0.3 0.48 + 0.26 0.001 * 1.7
7 sensor max plantar pressure (kg/ cm?) 1.93 + 0.61 2.05+ 043 0.457 0.22
8 sensor max plantar pressure (kg/cm?) 1.51 £ 05 2.65 £ 0.63 0.001 * 2.0

* p < 0.05, significant differences between the TFA subjects and the HS.

4. Discussion

This study compared and analyzed plantar pressure parameters between the intact
limbs of TF amputees and healthy individuals during gait movement. Asymmetrical
values in pressure peaks were detected in this study evaluation when the participants who
underwent TF amputations walked. This study’s results support the hypothesis that the
plantar pressure values of transfemoral amputees with intact limbs and healthy individuals
are different. The study found that gait compensations can be seen in TFA individuals
using an MPK prosthesis unit, according to plantar pressure data under the foot.

In TF amputees, the function of the knee joint in the prosthesis they use is essential.
Devices that can mechanically perform the function of the knee joint have been developed
successfully over time up to the present day. In many studies, the effect of prosthetic
knee joint components on gait has been examined, and positive effects on gait have been
determined in parallel with technological developments [28,29]. In particular, with the
use of microprocessor-controlled prosthetic knee (MPK) units, it has been reported that
the frequency of falls and tripping decreases, and user satisfaction increases compared
with mechanical devices [13,30]. Ranaldi et al. found that the prosthetic side, i.e., the
closer proximity of bionic prosthesis users to the SS group, may indicate that this type
of prosthetic knee performs better in targeting the physiological kinematic configuration
in basic gait events. In addition, the same behavior cannot be identified on the intact
side, particularly for the double-support phases. Three different prosthetic knees required
similar compensation actions during the weight transfer phases, and activation profiles
were recorded and showed that most of the differences in the weight transfer phases were
most relevant in the hamstrings and calf muscle activity [31]. According to the results of
our study, in TF patients using MPK knee joints, the result of pressure distribution under
the foot in the intact limb during the stance phase in the gait cycle was the result of the fact
that the pressure is higher in these regions for the duration of weight transfer, whereby
the participants use the forefoot and midfoot more actively than healthy individuals; this
leads us to surmise that patients can use the compensation mechanism during walking
and possibly adopt a vaulting gait. Gait-compensatory mechanisms may occur depending
on biomechanical demands, and adaptation mechanisms that may occur in the amputee’s
intact leg can also be seen through the difference in plantar pressure distribution under
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the foot. In transfemoral amputees, intact limb training may be a priority to reduce
contraindications that may occur with gait adaptation.

Plantar pressure distribution was used to detect the gait patterns of normal gaits, toe
out, toe in, over supination/pronation, and heel-walking gait abnormalities [32]. Plantar
pressure has been implemented in foot pathology evaluation [33] and assessments of
the feet of diabetic individuals [34]. Plantar pressure data can be used as a guide for
detecting gait disorders and gait training in TF prosthesis users. In this study, the forefoot
activation percentage and peak plantar pressure value were higher in the sound limb
than in the healthy individuals in the stance phase gait cycle. Prosthetic wearers with TF
amputations can lift their bodies via the excessive plantar flexion of the intact foot using the
compensatory mechanism of vaulting. According to the results, there is higher eccentric
muscle work in the knee during the gait stance phase with double support at the beginning
of the stance phase [35], and these changes in the knee occur before the plantar flexion of
the ankle during the loading response. Higher flexion of the contralateral knee and higher
eccentric work help to prepare for the vaulting movement.

As previously mentioned, the purpose of gait compensation is to lift the body up
to facilitate toe clearance, and thus, this could emerge as a compensatory mechanism to
increase the foot clearance of the prosthetic foot and protect the amputated limb by loading
it in a shorter time [8]. This decreased dorsiflexion may also be the result of decreased
sound leg deceleration activity and greater hip flexion at the sound leg heel strike [36].
Tatarelli et al. demonstrated that TF amputees increase the muscle co-activation of the
sound limb during walking as a compensatory/adaptive mechanism to deal with the
prosthetic device. This increased co-activation probably plays a role in prosthetic gait
asymmetry and energy consumption [37]. As a result of this study, the increased plantar
pressure distribution seen in the intact-side forefoot may have developed for the reasons
stated by Carse [1], such as a lack of prosthetic knee flexion in the early stance, a lack of hip
extension on the prosthetic side in the late stance, reduced anterior propulsion force on the
prosthetic side in the late stance, and reduced prosthetic hip adduction moment in the early
stance. Carse et al. showed that unilateral transfemoral amputees experience significant
kinetic asymmetries during gait movement as a result of absent loading response knee
flexion, and individuals with TFA-intact limbs were shown to be excessive in this regard
in comparison with a control group. The authors indicated that the provision of MPKs
does not appear to improve any of these marked kinetic asymmetries; therefore, this group
continues to walk with reduced energy efficiency [38].

Other studies have shown that 52-89% of unilateral lower limb amputees will fre-
quently encounter lower back pain and that 41-63% will develop osteoarthritis in their
sound limbs [39,40]. Rehabilitation programs (during the preoperative and postoperative
periods) can be proposed for TFAs in order to improve functional abilities, increase muscle
strength, and limit the risk of early degeneration of the musculoskeletal system. The goal of
prosthetic rehabilitation is to regain a symmetrical gait. Therapeutic exercises, gait training,
and neuromuscular re-education prescribed for this purpose have been reported to be
effective in reducing gait deviations and improving functional mobility [41-43]. Miifiig
et al. evaluated trunk and pelvic movement variability in transfemoral amputees using a
C-leg system and found that they clearly demonstrated increased kinematic variability in
trunk and pelvic movements, indicating that their gait pattern was affected compared with
the healthy controls [44]. Villa et al. reported that the vaulting strategy is widely used by
people who have undergone transfemoral amputation through their gait analysis results,
and the patients in the study showed power generated by the sound ankle at a mid-stance
above 0.15 W/kg [45]. This generated power was shown to be a criterion for the vaulting
clinical gait strategy of this population during level walking [46]. Esposito et al. stated
that individuals who have undergone transfemoral amputation may be at a greater risk
of sound knee cartilage or other tissue damage, providing insight into dynamic loading
characteristics during walking in young, active individuals exposed to unilateral TFA [47].
According to our results, in the evaluation of the underfoot pressure of the sound leg, the
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maximum pressure point shifted to the forefoot, and it was observed that the forefoot
and midfoot were more active during walking compared with the control group. These
results showed that gait compensation and plantar flexion in the sound limb are used more
forcefully during the gait cycle, which may affect the biomechanics of the knee joint.

A larger sample size for the TFA group could be considered in future research to
confirm and expand upon these results. Future work could also include uneven surfaces
and the effects of walking uphill and downhill.

The use of plantar pressure can provide preliminary information about weight transfer
between both extremities during the walking phase. Based on our clinical experience in
studying transfemoral amputation patients, orthotic insole approaches may be considered
according to the results obtained to balance the weight transfer under the foot of the sound
limb. Additionally, data may be used for guidance during prosthetic training. On the
prosthetic side, considering factors such as prosthetic length, prosthetic alignment, and
socket compatibility would be useful in prosthetic rehabilitation and walking training,.

5. Conclusions

Prosthetic components and prosthetic alignment used by TF amputees will affect the
user’s gait; however, the addition of exercise to rehabilitation programs helps to increase
the activity of the foot’s dorsiflexor muscles and may be effective in preventing possible
gait disorders. A pressure plate is inexpensive and practical to use, does not require
an extensive laboratory environment, and can be used to analyze different aspects of
gait. Plantar pressure and activation percentage can provide information on the pressure
distribution under the foot throughout the gait cycle and how active the foot parts are
during walking. These values can help in better evaluating foot contact and underfoot
weight transfer throughout the gait cycle and detecting gait disorders. The use of gait
training and prosthetic alignment should be encouraged during prosthetic rehabilitation.
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