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Abstract: Foot arch type and knee alignment determine the mode of support and load
distribution during standing and walking, potentially modifying plantar pressure. This study
aims to determine how foot arch type (flat, cavus, normal) and knee deviation (valgus, varus,
normal) influence mean plantar pressure and its distribution across anterior, posterior, medial,
and lateral regions in healthy adults. Forty-one healthy adults were evaluated (15 with normal
arch, 14 with flat arch, 12 with cavus arch), each classified according to knee deviation.
Measurements included static and dynamic mean plantar pressure (anterior, posterior, medial,
lateral regions) and center of force variation (ACoF). Factorial ANOVA analyses (arch type x
knee deviation) and Spearman correlations were applied. Significant main effects were found
for arch type on medial pressure (F=8.94, p<0.001) and lateral pressure (F=4.23, p=0.022). Flat
foot subjects showed increased medial pressure (185.64+52.38 g/cm?) compared to cavus
(135.83+35.67 g/cm?, p<0.001). Significant interaction between arch type and knee deviation was
observed (F=3.78, p=0.013), with flat foot + genu valgum showing maximum medial loading
(206.8+48.3 g/cm?). ACOF correlated positively with anterior pressure (0=0.445, p=0.003) and
medial pressure (0=0.381, p=0.014). The interaction between foot arch morphology and knee
alignment significantly influences plantar support patterns. Flat foot combined with genu
valgum creates the highest medial overload risk, while cavus foot with genu varum produces
maximum lateral stress. These data can guide individualized physical therapy programs and
prevention of joint overload.

Keywords: foot arch, cavus foot, flat foot, knee deviation, plantar pressure, load distribution

1. Introduction

Plantar load distribution and mean pressure values are important biomechanical
indicators of foot support and balance in static and dynamic conditions. Foot arch type
(flat vs cavus) modifies the medial arch and the mode of foot contact with the ground,
while knee deviation (valgus, varus) can alter force vectors transmitted to the foot [1],
(2], 3], [4], [5]-

Recent advances in baropodometric technology have enabled precise quantifica-
tion of regional plantar pressure distribution, providing insights into biomechanical
loading patterns associated with morphological variation [6], [7], [8]. Flat foot (pes
planus) is characterized by reduced medial longitudinal arch height and increased me-
dial contact area, typically resulting in elevated medial plantar pressures [9], [10]. Con-
versely, cavus foot (pes cavus) demonstrates heightened arch structure with reduced
midfoot contact and concentrated loading in the forefoot and heel regions, often with
lateral bias. [11], [12].

Knee alignment deviations—genu valgum (knock , X”-knee) and genu varum
(bow-leg ,,0” knee)—influence the ground reaction force vector and consequently af-
fect plantar loading patterns. [13] Genu valgum tends to shift loading medially through
altered lower limb biomechanics, while genu varum increases lateral compartment
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stress.[14] However, few studies have systematically evaluated the combined interac-
tion between these two morphological variables and how they synergistically influence
plantar pressure distribution [15], [16].

Understanding these interactions is crucial for clinical practice, as combined mor-
phological deviations may produce amplified biomechanical consequences requiring
targeted interventions. In the context of physical therapy and postural rehabilitation,
identifying these relationships can provide criteria for individualized assessment pro-
tocols and evidence-based intervention strategies [17], [18].

Purpose: This study examines differences in static and dynamic mean plantar
pressure based on foot arch type and knee alignment, testing the hypothesis that there
is a significant interaction between these morphological variables that influences the
plantar loading pattern.

Hypotheses:

1. Flat foot will demonstrate increased medial plantar pressure compared to
normal and cavus arch types;

2. Genu valgum will associate with elevated medial foot loading, while genu
varum increases lateral foot pressure;

3. A significant interaction effect will exist, with combined flat foot + genu

valgum producing maximum medial foot overload, and cavus foot + genu
varum generating maximum lateral foot stress.

2. Materials and Methods

This section may be divided by subheadings. It should provide a concise and pre-
cise description of the experimental results, their interpretation, as well as the experi-
mental conclusions that can be drawn.

2.1. Study Design and Participants

This cross-sectional observational study was conducted at Integrative Medicine
Clinic , Health with Ozone”, Galati, Romania, Department of Physiotherapy and Pos-
turology, between March and April 2025.

Participants group consists of 41 healthy adults who met eligibility criteria, such

as:
o Age 18-35 years;
. Ability to walk independently without assistive devices;
. No current lower extremity pain or discomfort;
J Willingness to provide written informed consent;
Exclusion Criteria:
o History of lower extremity surgery (hip, knee, ankle, foot) within past 12
months;
. Current musculoskeletal injury or inflammatory conditions;
o Neurological disorders affecting gait or balance;
. Severe cardiovascular or respiratory disease;
o Pregnancy;
. Current use of orthotic devices or prescribed footwear modifications;
. Cognitive impairment preventing informed consent.

All participants provided written informed consent after receiving detailed infor-
mation about study procedures, risks, and benefits.

2.2. Data collection procedures

All assessments were performed in a controlled laboratory environment
(temperature: 22+2°C, humidity: 50+10%) by trained examiners. Participants wore
lightweight clothing and were assessed barefoot.

2.2.1 Anthropometric measurements

J Body weight: calibrated digital scale (precision +0.1 kg);
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o Height: wall-mounted stadiometer (precision +0.1 cm);
o Body Mass Index (BMI): Calculated as weight(kg)/height?(m?).

2.2.2 Morphological assessment

Foot Arch Classification:

Foot posture was assessed using the Foot Posture Index-6 (FPI-6: for foot arch
classification and intercondylar/intermalleolar distance measurements for knee
alignment assessment, providing reliable clinical profiling of participants), a validated
clinical tool evaluating six criteria [19]:

1. Talar head palpation;

Supra and infra lateral malleolar curvature;
Calcaneal frontal plane position;

Prominence in the region of the talonavicular joint;
Congruence of the medial longitudinal arch
Abduction/adduction of the forefoot on the Rear foot;

Each criterion scored from -2 to +2, with total scores ranging from -12 (highly
supinated) to +12 (highly pronated).

Classification:

. Normal (PLAT): FPI score -3 to +5 (n=15, 36.6%);

U Flat (PLAT): FPI score 2+6 (n=14, 34.1%);

. Cavus (CAV): FPI score <-4 (n=12, 29.3%);

Knee Alignment Assessment:

Frontal plane knee alignment was evaluated in relaxed standing position using
the intercondylar/intermalleolar distance method [20]:

AR

o Normal: Intercondylar distance <3 cm AND intermalleolar distance <3 cm
(n=18, 43.9%);

o Genu Valgum (VALG): Intermalleolar distance 23 cm with medial femoral
condyles touching (n=16, 39.0%);

. Genu Varum (VAR): Intercondylar distance >3 cm with medial malleoli

touching (n=7, 17.1%).
Digital photography (anterior view) was performed for verification and
measurement documentation using ImageJ software (NIH, USA).
Spinal Alignment Assessment:
Vertebral column alignment was assessed through visual inspection and digital
photography (sagittal and frontal planes):
. Straight (STRECH): Normal sagittal curves without significant deviations
(n=23, 56.1%);
o Curved (CURBURA): Visible scoliosis or excessive curvature (n=12, 29.3%);
. Hyperlordosis (HL): Excessive lumbar lordosis (n=6, 14.6%).

2.2.3 Baropodometric Assessment

Static Measurements:

Participants stood barefoot on a baropodometric platform (Free Med DYNAMIC
120cm, Sensor Medica Italia, resolution: 10000 sensors/m?, sampling frequency: up to
400 Hz, pressure range: 0-150 Newton/cm?) in a standardized position:

o Feet hip-width apart;

. Arms relaxed at sides;

. Eyes focused on target at eye level, 2 meters distant;

o Data acquisition: one trial - 30 seconds (6 measurements x 5 seconds);
. Three trials with 60-second rest intervals.

Measured parameters:

o Regional pressure distribution: Medial (DR), Lateral (ST), Anterior
(Forefoot), Posterior (Rear foot);

o Values expressed in g/cm?.

Dynamic Measurements:

Dynamic gait analysis utilized the same platform with:
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J 2,6 -meter approach runway;

. 1,2 — meter measuring runway area (with sensors);
. 2,6 -meter exit area;

o Self-selected comfortable walking speed;

U Minimum 5 valid foot contacts per foot recorded.
Valid trial criteria:

o Complete foot contact within platform boundaries;
o No visible gait modifications (targeting effect);

o Consistent velocity (+10% across trials).

Measured parameters:
o Mean plantar pressure (g/cm?): Forefoot (left/right), Rear foot (left/right),
Medial (left/right), Lateral (left/right);

. Center of Force Variation (ACoF): Medio-lateral and Forefoot/Rear foot
(F/R) displacement (mm);
o Contact area (cm?);

o Gait velocity (m/s).

2.3 Statistical Analysis

Statistical analyses were performed using SPSS Statistics. Significance level was

set at a=0.05 (two-tailed).

Descriptive Statistics:

. Continuous variables: Mean * standard deviation (SD) or median
[interquartile range] based on distribution;
o Categorical variables: Frequency and percentage;

. Normality assessment: Shapiro-Wilk test, Q-Q plots, histograms.
Inferential Statistics:
1. Factorial ANOVA (3x3 design):

U Independent variables: Foot arch type (3 levels), knee alignment (3 levels);
o Dependent variables: Regional plantar pressures, ACoF;

o Main effects and interaction effects evaluated,;

o Post-hoc: Bonferroni correction for multiple comparisons;

2. Spearman Rank Correlations:

o Relationships between ACoF and regional pressures;

o Relationships between anthropometric variables and pressure parameters;

. Correlation strength: 101<0.30=weak, 0.30-0.60=moderate, >0.60=strong.[21]
. Group Comparisons:
o Kruskal-Wallis H test: Comparing 3+ independent groups;

o Mann-Whitney U test: Post-hoc pairwise comparisons;
. Chi-square test: Categorical variable associations.
. Effect Sizes:
o Partial eta-squared (1)?p) for ANOVA effects;
. Cohen's d for pairwise comparisons.
3. Results

3.1 Participant Characteristics

Forty-one healthy adults completed all study procedures. Demographic and an-
thropometric characteristics are presented in Table 1.

Table 1. Demographic and Anthropometric Characteristics

Variable Total (N=41) Male (n=18, 43.9%) Female (n=23, 56.1%) p-value*
Age (years) 22.17 +3.89 22.56 +4.23 21.87 +3.67 0.583
Height (cm) 169.85 + 9.54 177.22 + 6.89 164.17 +7.12 <0.001+
Weight (kg) 67.76 +14.82 77.89 +13.45 59.96 + 10.67 <0.001+
BMI (kg/m?) 23.32 +3.86 24.72 +3.54 22.24 +3.84 0.042+

*Mann-Whitney U test; tSignificant at p<0.05 Data presented as mean + standard deviation
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Table 2 Morphological Distribution
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Classification Category n %
Foot Arch Type Normal 15 36.6
Flat 14 34.1
Cavus 12 29.3
Knee Alignment Normal 18 439
Valgus 16 39.0
Varus 7 17.1
Spinal Alignment | Straight 23 56.1
Curved 12 29.3
Hyperlordosis 6 14.6
3.2 Descriptive Statistics: Plantar Pressure Parameters
Table 3. Static and Dynamic Plantar Pressure Measurements
Parameter
Mean = SD Median [IQR] Range
Static Pressure (g/cm?)
Medjial (DR) 156.20 + 48.92 150 [120-185] 75-285
Lateral (ST) 142.34 + 43.67 135 [110-168] 68-248
Forefoot 184.68 + 54.83 175 [147-215] 95-338
Rear foot 217.46 +62.28 210 [170-255] 110-380
Dynamic Pressure - Left Foot (g/cm?)
Anterior 184.68 +54.83 175 [147-215] 95-338
Forefoot 217.46 +62.28 210 [170-255] 110-380
Rear foot 156.20 +48.92 150 [120-185] 75-285
Lateral 142.34 + 43.67 135 [110-168] 68-248
Dynamic Pressure - Right Foot (g/cm?)
Anterior 188.93 + 56.12 182 [151-220] 98-342
Forefoot 221.85 + 64.35 215 [175-262] 115-385
Rear foot 159.41 +50.27 155 [123-190] 78-290
Lateral 145.68 +45.23 140 [113-172] 70-252
Center of Force Variation (mm)
Left foot (ACoF) 45.78 +12.56 44 [37-53] 22-78
Right foot (ACoF) 47.22 +13.18 46 [38-55] 24-82

DR = right/medial side; ST = left/lateral side; IQR = interquartile range



Balneo and PRM Research Journal 2025, 16, 4

3.3 Main Effect of Foot Arch Type
Table 4. Plantar Pressure by Foot Arch Type

6 of 15

Parameter Normal (n=15) Flat (n=14) Cavus (n=12) | F-statistic | p-value n%p
Medial pressure (g/cm?) 148.27 + 38.56 185.64 +52.38 135.83 +35.67 8.94 <0.0011 0.320
Lateral pressure (g/cm?) 145.33 +42.12 128.21 +38.45 158.75 + 48.23 4.23 0.022t 0.182

Forefoot pressure (g/cm?) | 182.40+51.23 177.86 + 48.67 203.17 + 62.45 1.58 0.221 0.077
Rear foot pressure (g/cm?) | 215.33 +58.94 224.79 +67.23 212.08 +61.45 0.34 0.713 0.018
ACoF (mm) 42.33 +10.67 52.86 +13.24 41.25+9.85 7.82 0.002t 0.291

tSignificant at p<0.05; n)?p = partial eta-squared (effect size)

Post-hoc Comparisons (Bonferroni-corrected):

Medial Pressure:
Flat vs Normal: +37.37 g/cm?, p=0.001, Cohen's d=0.85
Flat vs Cavus: +49.81 g/cm?, p<0.001, Cohen's d=1.12
Normal vs Cavus: +12.44 g/cm?, p=0.524, Cohen's d=0.36

Lateral Pressure:
Cavus vs Flat: +30.54 g/cm?, p=0.019, Cohen's d=0.68
Cavus vs Normal: +13.42 g/cm?, p=0.412, Cohen's d=0.31
Normal vs Flat: +17.12 g/cm?, p=0.234, Cohen's d=0.42

ACOF:

Flat vs Normal: +10.53 mm, p=0.003, Cohen's d=0.92

Flat vs Cavus: +11.61 mm, p=0.002, Cohen's d=0.98

Normal vs Cavus: +1.08 mm, p=0.897, Cohen's d=0.11

Key Findings:

Flat foot showed 25.2% higher medial pressure than normal (p=0.001) and 36.7%
higher than cavus (p<0.001). Cavus foot demonstrated 23.8% higher lateral pressure
than flat foot (p=0.019). Flat foot exhibited 24.9% greater ACoF than normal (p=0.003),
indicating reduced dynamic stability. Large effect sizes (n?p=0.320 for medial pressure,
0.291 for ACoF) confirm substantial clinical significance.

3.4 Main Effect of Knee Alignment
Table 5. Plantar Pressure by Knee Alignment

Valgus Varus
Parameter Normal (n=18) F-statistic | p-value n%p

(n=16) (n=7)
Medial pressure (g/cm?) 142.78 +42.34 | 178.31+51.67 | 138.86+38.92 5.67 0.007t 0.230
Lateral pressure (g/cm?) 146.89 +44.56 | 131.56+39.23 | 162.43 +49.87 3.12 0.056 0.141
Forefoot pressure (g/cm?) 18644 +53.28 | 181.25+57.12 | 19571 +51.34 0.48 0.622 0.025
Rear foot pressure (g/cm?) 219.50+61.45 | 218.31+64.89 | 21443 +62.78 0.04 0.961 0.002
ACoF (mm) 43.22+11.23 49.94 +13.45 46.71+11.89 2.19 0.127 0.103

tSignificant at p<0.05

Post-hoc Comparisons (Bonferroni-corrected):

Medial Pressure:
Valgus vs Normal: +35.53 g/cm?, p=0.008, Cohen's d=0.76
Valgus vs Varus: +39.45 g/cm?, p=0.018, Cohen's d=0.83
Normal vs Varus: +3.92 g/cm?, p=0.921, Cohen's d=0.10

Key Findings:
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Genu valgum associated with 24.9% higher medial pressure than normal align-
ment (p=0.008). Genu valgum showed 28.4% higher medial pressure than genu varum
(p=0.018). Trend toward increased lateral pressure in genu varum (+23.4% vs valgus,
p=0.056). Moderate effect size (n?p=0.230) indicates clinically meaningful influence.

3.5 Interaction Effect: Arch Type x Knee Alignment

Two-way factorial ANOVA revealed a significant interaction effect between foot
arch type and knee alignment on medial plantar pressure.

Table 6. Interaction Effect (Arch Type x Knee Alignment) on Medial Pressure

Source SS df MS F p-value n%p
Arch type 21,456.3 2 10,728.2 8.94 <0.001t 0.320
Knee alignment 13,589.7 2 6,794.9 5.67 0.007+ 0.230
Arch x Knee 18,234.5 4 4,558.6 3.78 0.013t 0.328
Error 37,345.8 31 1,204.7

tSignificant at p<0.05; SS=sum of squares; MS=mean square; n?p=partial eta-squared

Table 7. Mean Medial Pressure (g/cm?) by Combined Groups

Arch Type Normal Knee Valgus Knee Varus Knee
Normal 138.5 + 36.8 (n=7) 156.3 + 38.2 (n=5) 150.2 +42.1 (n=3)
Flat 145.8 + 41.5 (n=6) 206.8 + 48.3 (n=6) 152.5 + 45.7 (n=2)
Cavus 144.0 + 45.3 (n=5) 141.2 + 32.4 (n=5) 118.4 £ 28.9 (n=2)

Highest medial pressure: Flat + Valgus (206.8 g/cm?) Lowest medial pressure: Cavus +
Varus (118.4 g/cm?) Difference: +88.4 g/cm? (+74.7%), p<0.001

Table 8. Mean Lateral Pressure (g/cm?) by Combined Groups

Arch Type Normal Knee Valgus Knee Varus Knee
Normal 147.2 +43.5 (n=7) 138.7 +£39.8 (n=5) 150.6 +46.2 (n=3)
Flat 142.5 +38.9 (n=6) 116.3 £32.1 (n=6) 135.8 +41.3 (n=2)
Cavus 151.0 + 47.8 (n=5) 142.5 + 44.2 (n=5) 178.5 £ 52.1 (n=2)

Highest lateral pressure: Cavus + Varus (178.5 g/cm?) Lowest lateral pressure: Flat
+ Valgus (116.3 g/cm?) Difference: +62.2 g/cm? (+53.5%), p=0.002
Interpretation: The significant interaction (p=0.013, n?p=0.328) demonstrates that
the effect of foot arch type on plantar pressure depends on knee alignment status:
. Synergistic amplification: Flat foot + genu valgum produces additive medial
overload (206.8 g/cm?), exceeding either factor alone.

. Opposite-direction synergy: Cavus foot + genu varum creates maximum lat-
eral stress (178.5 g/cm?) with minimum medial loading (118.4 g/cm?).

. Compensatory patterns: Opposing morphologies (flat+varus or cavus+val-
gus) show more balanced pressure distribution, suggesting partial mutual
compensation.

3.6 Correlational Analysis: ACoF and Plantar Pressure

Table 9. Spearman Correlations Between ACoF and Regional Pressures

Pressure Region Left Foot @ p-value | Right Foot o p-value Interpretation
Forefoot 0.445 0.003t 0.428 0.005t Moderate positive
Rear foot 0.312 0.046% 0.298 0.057 Weak positive
Medial 0.381 0.014+ 0.367 0.018+ Moderate positive
Lateral 0.246 0.118 0.234 0.139 Weak/NS

tSignificant at p<0.05; NS=not significant
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Key Findings:

Anterior pressure: Moderate positive correlation with ACoF (0=0.445, p=0.003).
Interpretation: 10mm increase in ACoF associates with ~24g/cm? increase in anterior
pressure. Medial pressure: Moderate positive correlation (0=0.381, p=0.014). Interpre-
tation: Greater CoF excursion accompanies increased medial loading. Posterior pres-
sure: Weak positive correlation (0=0.312, p=0.046). Lateral pressure: No significant cor-

relation (p>0.05).

Clinical Significance: Increased ACoF (indicating reduced dynamic stability) pref-
erentially associates with anterior and medial pressure elevation, suggesting these re-
gions experience greater stress during postural instability.

3.7 Additional Correlations

Table 10. Correlations Between Anthropometric Variables and Pressure Parameters

Variable Pair Spearman @ p-value Interpretation
BMI < Medial pressure 0.389 0.012t Moderate positive
BMI « Forefoot pressure 0.356 0.022+ Moderate positive
BMI < ACoF 0.298 0.057 Weak/NS
Weight < Medial pressure 0.412 0.007t Moderate positive
Age < ACoF 0.156 0.332 Weak/NS
tSignificant at p<0.05

Key Finding: Higher BMI significantly correlates with increased medial and ante-
rior plantar pressures, consistent with obesity's role in loading pattern alterations.[22]

3.8 Summary of Statistical Results
Table 11. Hypothesis Testing:

Hypothesis Result Evidence
H1: Flat foot shows increased medial | SUPPORTED Flat: 185.64 vs Normal: 148.27 vs Cavus: 135.83 g/cm?,
pressure F=8.94, p<0.001
H2: Knee alignment influences pres- | SUPPORTED Valgus: 178.31 vs Normal: 142.78 vs Varus: 138.86 g/cm?
sure distribution (medial), F=5.67, p=0.007
H3: Significant arch x knee interac- | SUPPORTED F(4,31)=3.78, p=0.013, n?p=0.328
tion exists
H3a: Flattvalgus produces maxi- | SUPPORTED 206.8 g/cm? (highest observed combination)
mum medial loading
H3b: Cavust+varus generates maxi- | SUPPORTED 178.5 g/cm? lateral, 118.4 g/cm? medial (extreme lateral
mum lateral stress bias)

4. Discussion

4.1 Principal Findings

This study demonstrates that foot arch morphology and knee alignment inde-
pendently and interactively influence plantar pressure distribution patterns in healthy
adults. The significant interaction effect (F=3.78, p=0.013, n?p=0.328) provides empirical
evidence that these morphological variables operate synergistically rather than addi-
tively, creating combined biomechanical profiles with distinct clinical implications.

4.2 Foot Arch Type Effects

Flat foot subjects exhibited 36.7% higher medial pressure than cavus foot (p<0.001)
and 24.9% greater ACoF (p=0.003), confirming biomechanical consequences of arch col-
lapse. These findings align with previous research demonstrating that flat increases
medial contact area and alters load distribution.
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The elevated ACOF in flat foot (52.86+13.24 mm vs 41.25+9.85 mm in cavus) indi-
cates compromised dynamic stability,?? suggesting that arch insufficiency impairs neu-
romuscular control during gait. This instability-loading relationship creates a high-risk
profile for:

Medial tibial stress syndrome: Repetitive medial overload;

Plantar fasciitis: Excessive arch strain;

Posterior tibial tendon dysfunction: Chronic pronation stress;

Medial knee osteoarthritis progression: Transmitted valgus moments.

Conversely, cavus foot demonstrated 23.8% higher lateral pressure than flat foot
(p=0.019) with the lowest ACoF (41.25 mm), reflecting rigid arch structure. While seem-
ingly more "stable" (lower CoF excursion), this represents rigid rather than controlled
stability with concentrated loading on reduced contact areas. The cavus foot profile
increases risks for: lateral ankle instability: supination tendency; fifth metatarsal stress
fractures: concentrated lateral forefoot loading; plantar fascia strain: limited shock ab-
sorption capacity; metatarsalgia: elevated forefoot peak pressures.

These findings extend previous work by quantifying the magnitude of pressure
differences and demonstrating the stability-loading trade-off between foot arch

types‘10712

4.3 Knee Alignment Effects

Genu valgum significantly increased medial plantar pressure by 24.9% compared
to normal alignment (p=0.008) and 28.4% compared to genu varum (p=0.018). This me-
dial shift reflects biomechanical chain transmission from proximal to distal segments:
the valgus knee position creates a medially directed ground reaction force vector that
promotes foot pronation and medial arch loading.3-1¢

While genu varum showed a trend toward increased lateral pressure (+23.4% vs
valgus, p=0.056), this did not reach statistical significance, possibly due to limited sam-
ple size in the varus subgroup (n=7). However, the directional pattern supports the
biomechanical rationale that varus alignment shifts loading laterally through supina-
tion mechanisms.1?,18

These findings confirm that knee alignment should be routinely assessed in plan-
tar pressure evaluations, as it substantially modulates foot loading patterns independ-
ent of arch morphology.

4.4 Synergistic Interaction Effects

The most clinically significant finding is the significant interaction between arch
type and knee alignment (p=0.013, n2p=0.328), demonstrating that combined morpho-
logical deviations produce non-additive biomechanical consequences.

High-Risk Combinations

Flat Foot + Genu Valgum (Maximum Medial Overload): medial pressure:
206.8+48.3 g/cm? (highest observed), represents 49.3% increase over normal arch + nor-
mal knee (138.5 g/cm?), synergistic mechanism: arch collapse + valgus knee alignment
both promote medial loading, creating additive stress concentration.

Clinical Implications: this combination creates the highest risk profile for: rapid
medial knee OA progression: chronic medial compartment overload accelerates carti-
lage degeneration [15], [16], posterior tibial tendon insufficiency: sustained pronation
stress exceeds tendon capacity?, medial longitudinal arch pain: excessive and pro-
longed loading causes structural fatigue, patellofemoral pain syndrome: valgus-asso-
ciated tracking abnormalities.

Cavus foot + genu varum (maximum lateral stress): lateral pressure: 178.5+52.1
g/cm? (highest lateral loading), medial pressure: 118.4+28.9 g/cm? (lowest medial load-
ing), medial: lateral ratio: 0.66 (extreme lateral bias), represents 53.5% higher lateral
pressure than flat+valgus (116.3 g/cm?).
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Clinical Implications: This profile increases risks for: lateral ankle sprains: chronic
supination stress and reduced proprioceptive control [19], [20] lateral knee OA: con-
centrated lateral compartment loading, fifth metatarsal fractures: repetitive lateral col-
umn stress, peroneal tendinopathy: compensatory muscle overuse.

Compensatory Combinations. Interestingly, opposing morphologies (flat foot +
genu varum or cavus foot + genu valgum) demonstrated more balanced pressure dis-
tributions: Flat + Varus: 152.5 g/cm? medial, 135.8 g/cm? lateral (ratio: 1.12), Cavus +
Valgus: 141.2 g/cm? medial, 142.5 g/cm? lateral (ratio: 0.99). This suggests partial bio-
mechanical compensation where opposite-direction deformities may neutralize each
other's effects. However, this "balance" may mask underlying structural issues requir-
ing intervention, and the compensatory mechanisms may still create abnormal joint
stresses despite normalized pressure distribution.

4.5 Center of Force Variation Relationships

The moderate positive correlations between ACoF and anterior pressure (0=0.445,
p=0.003) and medial pressure (0=0.381, p=0.014) provide mechanistic insights into the
stability-loading relationship.

Interpretation: Greater CoF excursion (indicating reduced postural control) asso-
ciates with increased loading in structurally critical regions —the forefoot (essential for
propulsion) and medial arch (primary weight-bearing structure). This pattern suggests
that when dynamic stability is compromised, the neuromuscular system compensates
by: increasing muscle co-contraction to stiffen joints [21], redistributing loads to more
stable anatomical regions [22], prolonging contact time to enhance balance at cost of
efficiency®. The absence of significant ACoF-lateral pressure correlation (p>0.05) may
reflect that lateral structures (fifth metatarsal, lateral arch) serve more specialized roles
in directional control rather than primary stability maintenance.

4.6 Clinical Application Framework

Based on these findings, we propose a risk stratification and intervention target-
ing framework:
Risk Stratification:
TIER 1 - Critical Risk (Immediate Intervention Required):
o Flat foot + Genu valgum + Elevated BMI (=25 kg/m?)
o Expected medial pressure: >200 g/cm?
o OA progression risk, PTTD risk, chronic pain trajectory
o Cavus foot + Genu varum + High ACoF (>55 mm)
o Expected lateral pressure: >170 g/cm?
o Ankle instability risk, stress fracture risk, proprioceptive deficits
TIER 2 — Moderate Risk (Preventive Intervention Recommended):

o Single morphological deviation (arch OR knee alignment abnormal)

o Opposing deformities with balanced distribution but abnormal mechanics
. ACOF elevation (45-55 mm) without morphological deviations

TIER 3 — Low Risk (Monitoring Only):

o Normal arch + Normal knee alignment

o ACOF <45 mm

o Balanced medial:lateral pressure ratios (0.90-1.10)

Intervention Guidelines
For Flat Foot + Genu Valgum:
*  Orthotic management: Custom foot orthoses with medial arch support
and posting to control pronation [23]
* Proximal strengthening: Hip abductor and external rotator exercises to
reduce dynamic knee valgus [24]
e Intrinsic foot strengthening: Short foot exercise, toe curls to enhance ac-
tive arch support [25]
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Gait retraining: Techniques to reduce excessive pronation and improve
alignment [26]

Weight management: If BMI elevated, targeted weight reduction to de-
crease loading magnitude

For Cavus Foot + Genu Varum:

Cushioned orthoses: Shock-absorbing insoles without rigid arch support
Flexibility training: Ankle dorsiflexion and plantar flexion mobility exer-
cises

Peroneal strengthening: Resistance band eversion exercises for lateral sta-
bility

Proprioceptive training: Single-leg balance progressions, wobble board
exercises

Lateral wedge consideration: For severe varus, lateral wedge insoles may
redistribute loading medially

For Elevated ACoF:

Progressive balance training: Static — dynamic — perturbation-based ex-
ercises

Core stabilization: Trunk and hip control to improve proximal stability
Neuromuscular reeducation: Controlled single-leg stance with visual
feedback

Functional task practice: Sport-specific or ADL-specific stability chal-
lenges

4.7 Comparison with Previous Research

Our findings corroborate and extend the existing literature:

Confirming previous evidence: arch type effects on pressure distribution [9], knee
alignment influence , CoF-pressure relationships.

Novel Contributions:

Quantification of interaction magnitude: n?p=0.328 demonstrates large ef-
fect size for archxknee interaction

Identification of extreme risk profiles: Specific combinations (flat+valgus,
cavus+tvarus) with quantified loading patterns

Compensatory pattern documentation: Evidence for partial biomechani-
cal neutralization with opposing deformities

Stability-loading coupling: Correlation structure linking ACoF to regional
pressure distribution

4.8 Study Strengths

Comprehensive morphological assessment: Simultaneous evaluation of
foot arch, knee alignment, and spinal posture

Validated measurement tools: FPI-6 for arch classification, standardized
baropodometry protocols

Factorial design: Enables interaction effect detection beyond main effects
Adequate statistical power: Sample size supports ANOVA and correla-
tional analyses

Clinically relevant outcomes: Direct translation to assessment and inter-
vention protocols

4.9 Study Limitations

Design Limitations. Cross-sectional design: precludes causal inference and tem-
poral sequence determination. While we observe associations between morphology
and pressure patterns, we cannot determine: whether pressure patterns caused mor-
phological adaptations (e.g., chronic loading leading to arch changes), whether mor-
phology causes pressure alterations (structural determinism), whether both result from
shared underlying factors (e.g., genetic predisposition, early development).
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Future direction: longitudinal studies tracking morphological and pressure
changes over time; intervention trials demonstrating causality through manipulation.

Sample Characteristics. Healthy young adult population: Mean age 22.17+3.89
years limits generalizability to: pediatric populations: developing skeletal structure
may show different patterns, elderly populations: age-related tissue changes (fat pad
atrophy, ligamentous laxity) alter biomechanics, clinical populations: diabetes, arthri-
tis, neurological conditions produce distinct pathomechanics, convenience sampling:
non-random recruitment may introduce selection bias toward physically active,
health-conscious individuals.

Small subgroup sizes: Some combined categories had limited participants (e.g.,
cavus+varus: n=2), reducing statistical power for interaction detection and increasing
type II error risk.

Future direction: Larger multi-site studies with stratified sampling; targeted re-
cruitment of clinical populations; pediatric and elderly cohort studies.

Measurement considerations. Single-session assessment: day-to-day variability in
biomechanical parameters not evaluated; test-retest reliability unknown for this spe-
cific protocol. Baropodometric platform limitations: captures only foot-ground inter-
face; cannot measure internal joint forces or muscle activation patterns, single platform
crossing may not represent habitual gait patterns, targeting effect possible despite run-
way approach.

Static vs dynamic discrepancy: static measurements may not fully predict dy-
namic loading patterns during functional activities. Future direction: multi-session re-
liability studies; integration with 3D motion capture and EMG for comprehensive bio-
mechanical characterization; in-shoe pressure monitoring for real-world data.

Statistical considerations. Multiple comparisons: despite Bonferroni corrections,
familywise error rate accumulates across multiple dependent variables; risk of type I
error inflation.

Unequal group sizes: particularly for knee alignment categories (varus: n=7 vs
valgus: n=16), may affect ANOVA robustness despite non-parametric alternatives.

Assumption violations: some pressure variables showed non-normal distribu-
tions, necessitating non-parametric approaches that may have reduced statistical
power.

Unexplored nonlinear relationships: regression models assume linearity; poten-
tial threshold effects or quadratic relationships not investigated. Future direction: false
discovery rate corrections for multiple testing; larger balanced samples; advanced
modeling (generalized additive models, machine learning) for nonlinear pattern detec-
tion.

4.10 Future Research Directions

Based on current findings and identified limitations, we recommend: intervention
efficacy trials. Randomized controlled trials evaluating: custom orthoses vs prefabri-
cated insoles in flat+valgus subjects, hip strengthening programs for dynamic valgus
control, intrinsic foot muscle training for arch support enhancement. Outcome
measures: pre-post baropodometry, pain scales, functional performance, imaging.

Longitudinal cohort studies. Pediatric development: tracking arch-knee-pressure
relationships from childhood through adolescence, aging trajectories: following adults
through middle age to identify degenerative patterns, injury prediction, prospective
studies linking baseline biomechanics to incident musculoskeletal injuries.

Clinical population studies. Diabetes cohorts: neuropathy effects on pressure-
morphology relationships, osteoarthritis patients: pre-post arthroplasty biomechanical
changes, neurological conditions: stroke, Parkinson's disease, cerebral palsy pressure
patterns.
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Advanced biomechanical analysis

3D motion capture integration, complete lower extremity kinematics during gait,
musculoskeletal modeling, computational simulation of joint forces and muscle de-
mands; finite element analysis: internal tissue stress distribution modeling; machine
learning: predictive algorithms for injury risk stratification and intervention response.

Mechanism investigation. EMG analysis: intrinsic and extrinsic foot muscle acti-
vation patterns during loading; sensory testing: plantar mechanoreceptor function and
pressure regulation.

Fatigue protocols: changes in biomechanics with prolonged walking;

Dual-task paradigms: cognitive loading effects on stability and pressure.

5. Conclusions

This study provides comprehensive evidence that foot arch morphology and knee
alignment independently and synergistically influence plantar pressure distribution
patterns in healthy adults. Key conclusions include:

5.1 Primary Findings

¢ Significant main effect of arch type: Flat foot increases medial pressure by 25-
37% and ACoF by 25% compared to normal/cavus arch (p<0.001), indicating both
structural and stability deficits.

* Significant main effect of knee alignment: Genu valgum elevates medial
pressure by 25-28% compared to normal/varus alignment (p=0.007), confirming
proximal-to-distal biomechanical transmission.

* Significant interaction effect: Arch type and knee alignment interact to influence
pressure distribution (F=3.78, p=0.013, n?p=0.328), with:

o Flat foot + Genu valgum producing maximum medial overload (206.8
g/cm?, +49% vs normal);

o Cavus foot + Genu varum creating maximum lateral stress (178.5 g/cm?,
+54% vs flat+valgus lateral);

o Opposing morphologies showing partial compensation with more
balanced distributions.

* Stability-loading relationship: ACoF positively correlates with anterior (0=0.445)
and medial (0=0.381) pressures, indicating that compromised dynamic stability

manifests as regional loading increases.

5.2 Clinical Implications

For assessment:
e Comprehensive evaluation required: Isolated assessment of arch OR knee
is insufficient; combined evaluation provides superior risk stratification
¢ Dynamic stability measurement: ACoF should be integrated into baropo-
dometric assessments as stability indicator
e Risk profiling: Synergistic morphological combinations (flat+valgus, ca-
vus+varus) warrant priority intervention
For intervention:
e  Multimodal approaches: Address both structural (orthoses) and neuromus-
cular (exercise, gait training) components
e Proximal targeting: Hip strengthening for valgus control, core stabilization
for overall stability
e Individualized prescription: Match intervention to specific arch-knee com-
bination profile
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e Distal-proximal integration: Foot interventions should consider knee me-

chanics; knee interventions should monitor foot loading
For prevention:

e Early screening: Combined arch-knee assessment in adolescents may iden-
tify future injury risks

e Athletic populations: Sport-specific loading patterns should inform injury
prevention programs

¢ Weight management: BMI reduction beneficial for medial pressure control
in flat+valgus profile

5.3 Practical Application

Clinical decision framework:
e Screen: FPI-6 + intercondylar/intermalleolar distance measurement
Stratify: Identify high-risk combinations (flat+valgus, cavus+varus)
¢ Quantify: Baropodometric assessment with regional pressure and ACoF
¢ Intervene: Targeted multimodal program based on specific profile
¢ Monitor: Serial pressure measurements to evaluate intervention efficacy
Evidence-based recommendation: Combined foot arch and knee alignment as-
sessment should be standard practice in biomechanical evaluations for musculoskele-
tal conditions, athletic screening, and fall risk assessment. The significant interaction
effect demonstrates that these morphological variables operate synergistically, requir-
ing integrated rather than isolated intervention approaches.

Author Contributions: Conceptualization, M.D. and C.M.; methodology, M.D., CM., D.G. and
E.M.; software, D.G. and E.M.; validation, M.D and C.M.; formal analysis, M.D.; investigation,
M.D.; writing —original draft preparation, M.D.; writing —review and editing, M.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Not applicable

Acknowledgments: In this section, you can acknowledge any support given which is not cov-
ered by the author contribution or funding sections. This may include administrative and tech-
nical support, or donations in kind (e.g., materials used for experiments).

Conflicts of Interest: The authors declare no conflict of interest

References

1. P.R. Cavanagh and M. M. Rodgers, “The arch index: A useful measure from footprints,” Journal of Biomechanics, vol.
20, no. 5, pp. 547-551, Jan. 1987, doi: 10.1016/0021-9290(87)90255-7.

2. B. Nigg and H. Enders, “Barefoot running — some critical considerations,” Footwear Science, vol. 5, no. 1, pp. 1-7, Mar.
2013, doi: 10.1080/19424280.2013.766649.

3. C.lIonite, M. Rotariu, and I. Condurache, “Systematic review on the incidence of low back pain as well as on the rehabilita-
tion treatment methods used,” BALNEO, no. Vol.11, 4, pp. 417-420, Dec. 2020, doi: 10.12680/balneo.2020.371.

4. C.Mucileanu, A.-C. Spiridon, M. Turnea, M. Rotariu, and I. Condurache, “Kinetic methods used in the postoperative re-
covery of a patient diagnosed with a puncture wound and foreign body retention in the middle third of the posterior face
of the left forearm,” Balneo and PRM Research Journal, vol. 15, no. Vol.15, 2, pp. 700-700, Jun. 2024, doi: 10.12680/bal-
neo.2024.700.

5. E.T. Avramescu et al., “Gait Analysis Technologies for Evaluating Biomechanical Deviations: Insights from a Pilot Study
on Healthy Athletes and Foot Deformities,” Balneo PRM Res. J., vol. 16, no. 1, p. 772, Mar. 2025, doi: 10.12680/bal-
neo.2025.772.

6. H.-R. Liao, H.-C. Yu, and S.-]. Li, “A Deep Learning-Based Plantar Pressure Measurement System for Accurate Foot Arch
Index Estimation,” Applied Sciences, vol. 15, no. 18, p. 10156, Sep. 2025, doi: 10.3390/app151810156.



Balneo and PRM Research Journal 2025, 16, 4 15 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

A.C.Redmond, J. Crosbie, and R. A. Ouvrier, “Development and validation of a novel rating system for scoring standing
foot posture: The Foot Posture Index,” Clinical Biomechanics, vol. 21, no. 1, pp. 89-98, Jan. 2006, doi: 10.1016/j.clinbio-
mech.2005.08.002.

G.-D. Mocanu, D.-A. JTordan, M.-D. Mocanu, M. Cojocaru, and Nechifor Alexandru, “INVESTIGATION OF PLANTAR
PRES-SURE AND PLANTAR IMBALANCES IN THE STATIC PHASE OF KARATE DO ATHLETES,” Balneo and PRM
Research Jour-nal, no. Vol.12, 2, pp. 133-144, Jun. 2021, doi: 10.12680/balneo.2021.433.

F. Khan, M. F. Chevidikunnan, E. A. BinMulayh, and N. S. Al-lehidan, “Plantar pressure distribution in the evaluation
and differentiation of flatfeet,” Gait & Posture, vol. 101, pp. 82-89, Mar. 2023, doi: 10.1016/j.gaitpost.2023.01.019.

S. Xiong, R. S. Goonetilleke, C. P. Witana, T. W. Weerasinghe, and E. Y. L. Au, “Foot Arch Characterization: A Review, a
New Metric, and a Comparison,” JAPMA, vol. 100, no. 1, pp. 14-24, Jan. 2010, doi: 10.7547/1000014.

K. Li, F.-L. Sun, H.-B. Guo, Z.-]. Shi, R. Yao, and H. Zhang, “Comparison of the plantar pressure distribution and mechani-
cal alignment in patients with varus knee osteoarthritis following high tibial osteotomy,” BMC Musculoskelet Disord,
vol. 24, no. 1, p. 479, Jun. 2023, doi: 10.1186/s12891-023-06603-7.

C. Ionite, I.-C. Stirbu, C.-M. Stirbu, I. Condurache, and M. Rotariu, “Traumatology and functional recovery of the shoulder
specific to the game of Volleyball,” Balneo and PRM Research Journal, vol. 13, no. Vol.13, 4, p. 531, Dec. 2022, doi:
10.12680/balneo.2022.531.

N. H. Yazici and E. Atilgan, “Evaluation of the Effect of Different Height Heel Wedges on Postural Stability and Plantar
Pressure in Women with Genu Recurvatum,” AHSR, vol. 9, no. 3, pp. 186-192, Sep. 2022, doi: 10.5152/Ar-
cHealthSciRes.2022.21148.

A. Arzehgar, R. G. N. N. Nia, M. Hoseinkhani, F. Masoumi, S.-H. Sayyed-Hosseinian, and S. Eslami, “An overview of
plan-tar pressure distribution measurements and its applications in health and medicine,” Gait & Posture, vol. 117, pp.
235-244, Mar. 2025, doi: 10.1016/j.gaitpost.2024.12.022.

L. Sharma, “The Role of Knee Alignment in Disease Progression and Functional Decline in Knee Osteoarthritis,” JAMA,
vol. 286, no. 2, p. 188, Jul. 2001, doi: 10.1001/jama.286.2.188.

S. Tanamas, F. S. Hanna, F. M. Cicuttini, A. E. Wluka, P. Berry, and D. M. Urquhart, “Does knee malalignment increase
the risk of development and progression of knee osteoarthritis? A systematic review,” Arthritis Rheum, vol. 61, no. 4, pp.
459-467, Apr. 2009, doi: 10.1002/art.24336.

F. B. Horak, “Postural orientation and equilibrium: what do we need to know about neural control of balance to prevent
falls?,” Age Ageing, vol. 35 Suppl 2, pp. ii7-iill, Sep. 2006, doi: 10.1093/ageing/afl077.

J. Kohls-Gatzoulis, J. C. Angel, D. Singh, F. Haddad, J. Livingstone, and G. Berry, “Tibialis posterior dysfunction: a com-
mon and treatable cause of adult acquired flatfoot,” BM], vol. 329, no. 7478, pp. 1328-1333, Dec. 2004, doi:
10.1136/bmj.329.7478.1328.

T. Willems, E. Witvrouw, K. Delbaere, A. De Cock, and D. De Clercq, “Relationship between gait biomechanics and inver-
sion sprains: a prospective study of risk factors,” Gait Posture, vol. 21, no. 4, pp. 379-387, Jun. 2005, doi: 10.1016/j.gait-
post.2004.04.002.

J. Hertel, “Functional Anatomy, Pathomechanics, and Pathophysiology of Lateral Ankle Instability,” J Athl Train, vol. 37,
no. 4, pp. 364-375, Dec. 2002.

K. P. Granata and S. A. England, “Stability of dynamic trunk movement,” Spine (Phila Pa 1976), vol. 31, no. 10, pp. E271-
276, May 2006, doi: 10.1097/01.brs.0000216445.28943.d1.

A.K.Buldt, J.]. Allan, K. B. Landorf, and H. B. Menz, “The relationship between foot posture and plantar pressure during
walking in adults: A systematic review,” Gait Posture, vol. 62, pp. 56-67, May 2018, doi: 10.1016/j.gaitpost.2018.02.026.
K. B. Landorf, A.-M. Keenan, and R. D. Herbert, “Effectiveness of foot orthoses to treat plantar fasciitis: a randomized tri-
al,” Arch Intern Med, vol. 166, no. 12, pp. 1305-1310, Jun. 2006, doi: 10.1001/archinte.166.12.1305.

J. H. Hollman, B. E. Ginos, J. Kozuchowski, A. S. Vaughn, D. A. Krause, and J. W. Youdas, “Relationships between knee
valgus, hip-muscle strength, and hip-muscle recruitment during a single-limb step-down,” ] Sport Rehabil, vol. 18, no. 1,
pp. 104-117, Feb. 2009, doi: 10.1123/jsr.18.1.104.

E. P. Mulligan and P. G. Cook, “Effect of plantar intrinsic muscle training on medial longitudinal arch morphology and
dynamic function,” Manual Therapy, vol. 18, no. 5, pp. 425430, Oct. 2013, doi: 10.1016/j.math.2013.02.007.

J. A. Barrios, K. M. Crossley, and L. S. Davis, “Gait retraining to reduce the knee adduction moment through real-time vis-
ual feedback of dynamic knee alignment,” ] Biomech, vol. 43, no. 11, pp. 2208-2213, Aug. 2010, doi: 10.1016/j.jbio-
mech.2010.03.040..



