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Biomechanical effects of insole
material stiffness on the human
foot: a finite element analysis

Renbiao Lin®, Xu Tao?, Guanghui Wang?, Jianquan Liu?, Zhe Zhao?, Wei Liu?*“ & Wencui Li?**

Functional insoles are widely used to redistribute plantar pressure and support the medial arch;
however, the biomechanical effects of insole material stiffness remain unclear. This study employed
finite element analysis (FEA) to investigate the relationship between insole stiffness and foot tissue
loading, providing a theoretical basis for personalized insole design and clinical application. A three-
dimensional finite element model of a healthy 26-year-old male foot and insole was reconstructed
from CT images. Exploring the trend of the insole material stiffness on foot biomechanics through
parametric analysis. Six insole materials with elastic moduli of 100, 260, 1,000, 3,000, 5,000, and
500,000 MPa—were analyzed, The Poisson’s ratio for all insole materials was assumed to be 0.45.
Two loading conditions, static bilateral stance and gait forefoot contact, were simulated to evaluate
foot displacement, plantar stress, and stresses on the medial process of the calcaneal tuberosity and
metatarsals. The finite element model demonstrated good agreement with experimental plantar
pressure measurements, the experimentally measured peak plantar pressure was 0.2217 MPa, while
the finite element model calculated a value of 0.234 MPa, with a relative error of approximately

2%. Both high-stress regions were located at the central area of the heel, and the stress distribution
trends were consistent, indicating that the model validation is effective. Increasing insole stiffness
reduced foot displacement (48.0%), plantar peak stress (47.5%), calcaneal peak stress (30.8%), and
metatarsal peak stress (20.8%). When the elastic modulus exceeded approximately 3,000 MPa, further
biomechanical benefits plateauved, indicating a diminishing marginal effect. This study quantitatively
characterizes the intrinsic relationship between insole stiffness and foot biomechanics under static and
dynamic conditions. The findings provide robust biomechanical evidence to guide personalized insole
design, prevent soft tissue overload, and support the clinical application of functional insoles.
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SED  Strain energy density

The foot, as a crucial component of the human musculoskeletal system, plays an essential role in weight-
bearing, shock absorption, balance maintenance, and propulsion during daily activities and locomotion. Due
to prolonged exposure to repetitive mechanical loading, the foot is highly susceptible to soft tissue injuries and
chronic overuse disorders, among which plantar heel pain is a common and clinically significant condition'.
Plantar fasciitis represents the predominant etiology, typically manifesting as stabbing or throbbing pain in the
medial heel region, which exacerbates after morning rise, prolonged standing, or extended walking, thereby
severely impairing walking ability and quality of life. Epidemiological data indicate that approximately 10%
of adults experience plantar fasciitis during their lifetime?, and its prevalence is particularly high among long-
distance runners’.

Non-surgical interventions are commonly employed to alleviate pain and redistribute plantar stress!. Among
them, insoles are widely utilized due to their convenience, cost-effectiveness, and favorable biomechanical
modulation. Appropriately designed insoles can provide effective arch support, optimize plantar pressure
distribution, and significantly enhance wearing comfort and gait stability>. However, commercial insoles are
highly diverse, and their design largely relies on empirical approaches or trial-and-error methods, particularly
regarding the selection of the insole material’s Young’s modulus, which lacks robust quantitative guidance.
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Previous studies have mainly focused on the evaluation of shock absorption and arch support®, whereas
systematic quantitative investigations into how the Young’s modulus of insole materials affects foot biomechanical
responses remain limited’, constraining the precision of insole design and its clinical efficacy.

In recent years, finite element analysis (FEA) has emerged as a powerful and accurate approach in biomedical
engineering and has achieved remarkable progress in foot biomechanics research®1°. Three-dimensional finite
element models enable precise simulation of tissue displacement, stress distribution, and overall mechanical
responses under controlled material and loading conditions, thereby providing a solid theoretical basis for the
optimization of functional insole design and clinical decision-making.

Against this background, the present study aims to systematically investigate the influence of insole material
Young’s modulus on key foot biomechanical indicators, including foot displacement, plantar stress, medial
process of the calcaneal tuberosity stress, and metatarsal stress. A high-fidelity three-dimensional finite element
model of a healthy adult male foot was reconstructed from lower limb CT data. Six representative insole materials,
covering a wide stiffness spectrum from flexible to highly rigid—Six insole materials with elastic moduli of
100, 260, 1,000, 3,000, 5,000, and 500,000 MPa—were analyzed, The Poisson’s ratio for all insole materials
was assumed to be 0.45. Two typical loading conditions, static bilateral stance and gait forefoot contact, were
simulated to quantitatively elucidate the mechanical response patterns and underlying mechanisms associated
with varying insole Young’s modulus. The findings aim to provide robust biomechanical evidence to guide the
scientific design and clinical application of personalized functional insoles.

Materials and methods

Geometry design

To evaluate the biomechanical effects of insoles with different material properties on the human foot, the right
foot of a healthy adult volunteer (body weight: 60 kg; height: 1.65 m) was selected as the study subject. The study
was conducted in accordance with the principles of the Declaration of Helsinki, and written informed consent
was obtained from the participant prior to the experiment.A Siemens dual-source CT scanner was used to acquire
imaging data of the lower limb (scanning parameters: 120 kV, 240 mA, slice thickness 0.600 mm), generating a
total of 780 two-dimensional tomographic images. Based on the CT data, a three-dimensional geometric model
of the foot and ankle was reconstructed using MIMICS V10.0 (Materialise Inc., Leuven, Belgium) and exported
in STL format. The STL model was subsequently processed in 3-matic Medical 13.0 for mesh smoothing,
denoising, subdivision, and defect repair.The cartilage and ligament geometries were constructed in the finite
element preprocessing software HyperMesh 2019 (v13.0, Altair Engineering Corp., Michigan, USA). Cartilage
was modeled by extruding the bone surface with a thickness equal to half of the minimum inter-bone distance,
ranging from 0.5 to 2 mm. All ligaments were defined as tension-only structures and were manually constructed
according to anatomical information from a digital anatomy platform and human anatomical atlases. All tissues
were assumed to be homogeneous, isotropic, and linearly elastic.To minimize the impact of mesh size on
computational accuracy and efficiency, a mesh independence analysis was performed!!. The element size was
gradually reduced from 5 mm to 1 mm, and when the stress deviation between 1 mm and 2 mm elements was
below 5%, 2 mm was adopted as the final mesh size. After convergence verification, the final finite element model
comprised approximately 549,087 nodes and 3,002,596 elements, as illustrated in Fig. 1.

The assignment of material properties

Finite element simulation of biological tissues is inherently complex because each tissue exhibits unique
structural and mechanical characteristics. Their fibrous architecture shows specific spatial orientations and
pronounced anisotropic mechanical responses. Many soft tissues exhibit highly nonlinear behaviors, including
large deformation (hyperelasticity) and time-dependent responses (viscoelasticity). Therefore, assumptions and
simplifications are often required to manage these complexities in computational modeling. In this study, all
bones, cartilage, ligaments, and the supporting base plate were modeled as continuous, homogeneous, isotropic,
and linearly elastic materials. The base plate was represented as a rigid horizontal plate with a high Young’s
modulus to simulate the ground support condition!?. The detailed material properties of each tissue are listed
in Table 1.
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Fig. 1. Three-dimensional reconstruction and finite element model of the human foot with insole.
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Components Young’s modulus (MPa) | Poisson’s ratio | El t type
. 4-node linear
Cartilage 1.0 0.42 Tetrahedrone
Soft tissue 1.15 0.49 4-node tetrahedrone
Ligament 260 0 _2r-node linear 3-D
russe
. 4-node linear
Cortical bone 7300 0.3 Tetrahedrone
4-node linear
Cancellous bone | 100 0.3 Tetrahedrone
Ground 17,000 0.1 8-node linear bricke

Table 1. Material properties of model components.
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Fig. 2. Finite element boundary conditions of the foot-insole model, including fixed surfaces, Achilles tendon
force, and ground reaction force.

Contact pair definition

In the finite element model, proper contact definitions were applied among bones, cartilage, ligament beams,
soft tissue, insoles, and the ground to ensure accurate force transmission. The definition of contact pairs and the
associated contact area significantly affect the accuracy and convergence of the simulation results. Specifically,
the interface between bones and cartilage was defined as node-to-node contact at the proximal side to ensure
continuity, and as “No-separation” at the distal side to allow minor sliding without detachment. Both ends of
the ligament beams were assigned “Bonded” contact with the bony attachment sites to simulate firm ligament
insertion. The plantar surface and insole were also defined as “Bonded” to prevent unrealistic sliding under
loading. Finally, the interface between the insole and the rigid ground was defined using a Coulomb friction
model with a friction coefficient of 0.6, to closely approximate the physiological load distribution during stance
and gait!?.

Definition of boundary conditions and loading

In this study, the subject had a body weight of 60 kg. During static standing, the right foot was assumed to
bear approximately half of the body weight (300 N). A vertical force of 300 N was applied upward through
the rigid ground to simulate the plantar ground reaction force under balanced stance. The distal ends of the
tibia and fibula were fully constrained to represent physiological ankle support.Additionally, an upward tensile
force of 150 N was applied along the Achilles tendon to simulate the physiological tendon reaction. This value
was derived from Simkin et al.'¥, who reported that the Achilles tendon force is approximately 50% of the load
borne by the foot during quiet standing. Accordingly, the combined skeletal and tendon loading was represented
by a net vertical force of 300 N applied at the plantar pressure center and a 150 N Achilles tendon reaction
force, closely reproducing the physiological loading scenario. All loads were applied via point loads and uniform
pressure distributions. The specific boundary and loading conditions are illustrated in Fig. 2.
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Validation

To validate the reliability of the finite element (FE) model, plantar pressure measurements were obtained from
the volunteer who underwent the initial CT scanning. The simulated plantar stress distribution from the FE
model closely matched the experimental measurements. Specifically, the peak plantar pressure was 0.2217 MPa
in the in vivo measurement and 0.234 MPa in the FE simulation (Fig. 3), yielding an error of approximately 2%.
Both the experimental and simulated results showed the peak stress region located at the central heel, and the
overall distribution trends were consistent. In line with previous studies on plantar FE model development and
validation'?, although variations exist in mesh density, boundary constraints, and loading configurations, the
present model demonstrated sufficient biomechanical fidelity. This confirms the model’s validity and provides a
robust basis for subsequent simulations of insole material effects.

Finite element simulation of insole models

To investigate the biomechanical effects of insoles with varying material properties on plantar stress, we simulated
different insole stiffness levels by adjusting their Young’s modulus. Six insole models were constructed with
elastic moduli of 100, 260, 1,000, 3,000, 5,000, and 500,000 MPa, The Poisson’s ratio for all insole materials was
assumed to be 0.45. The value of 500,000 MPa was chosen as a theoretical rigid boundary condition, intended
to explore the impact of very high material stiffness on the simulation outcomes. It was used to assess whether
increasing Young’s modulus beyond a certain point would continue to affect the final calculation results. Using
four-node tetrahedral elements. Previous studies have indicated that insoles exert the greatest influence on
plantar loading during the static stance phase and the forefoot contact phase of gait!®. After validating the foot
finite element model, the insole models were incorporated into the system, and simulations were conducted
under the same boundary conditions. Plantar stress distributions and stresses in key foot structures were
analyzed to systematically assess the influence of insole stiffness on foot biomechanics (Fig. 4).

Results

Biomechanical response under static bilateral stance

Under static bilateral stance, the effect of insole Young’s modulus on foot biomechanics was modest but followed
a consistent trend (Fig. 5; Table 2). As the modulus increased from 100 MPa to 500,000 MPa, foot displacement
decreased from 3.154 mm to 3.034 mm (3.8% reduction); the peak von Mises stress at the medial process of the
calcaneal tuberosity decreased from 82.24 MPa to 79.50 MPa (3.3% reduction); metatarsal peak stress decreased
from 19.76 MPa to 19.63 MPa (0.7% reduction); and peak plantar stress decreased from 0.426 MPa to 0.405 MPa
(4.9% reduction). Overall, the improvement under static loading was less than 5%, suggesting limited sensitivity
of foot loading to insole stiffness during quiet standing.
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Fig. 3. Validation of the finite element model by comparison with experimental plantar pressure
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Fig. 4. Simulation of two typical loading conditions: static bilateral stance (left) and gait forefoot contact

(right).
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Table 2.
moduli.

Foot displacement and tissue stresses under static bilateral stance for insoles with varying young’s
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Fig. 6. Finite element analysis of foot biomechanics with insoles of varying Young’s moduli during the forefoot
loading phase of gait.

Insole material(MPa) | Foot displacement (mm) | Medial process of the calcaneal tuberosity stress (MPa) | Metatarsal stress (MPa) | Plantar stress (MPa)
100 5.639 118.600 25.870 0.783
260 4.060 99.460 23.480 0.456
1000 3.281 87.810 21.430 0.410
3000 3.060 84.450 20.790 0.408
5000 3.012 83.680 20.660 0.405
500,000 2.933 82.100 20.480 0.411

Table 3. Foot displacement and tissue stresses under forefoot contact phase of gait for insoles with varying
young’s moduli.

Biomechanical response during forefoot contact in gait

During the forefoot contact phase of gait, the foot exhibited markedly greater sensitivity to insole stiffness (Fig. 6;
Table 3). As the modulus increased from 100 MPa to 500,000 MPa, foot displacement decreased substantially
from 5.639 mm to 2.933 mm (48.0% reduction); peak von Mises stress at the medial calcaneal process decreased
from 118.6 MPa to 82.1 MPa (30.8% reduction); metatarsal peak stress decreased from 25.87 MPa to 20.48 MPa
(20.8% reduction); and peak plantar stress decreased markedly from 0.783 MPa to 0.411 MPa (47.5% reduction).
Compared with static stance, stress reduction was much more pronounced under dynamic loading, indicating
that stiffer insoles provide enhanced arch support and more effective plantar load redistribution during gait.

Overall trends and biomechanical implications

Across both loading conditions, finite element analysis demonstrated that higher insole Young’s modulus
reduces foot displacement and peak stresses in key tissues, enhancing arch stability and redistributing plantar
loads. However, when the modulus exceeded approximately 3,000 MPa, the rate of stress and displacement
reduction diminished, presenting a “plateau effect” This finding suggests that excessively rigid insoles offer no
additional biomechanical benefit (Fig. 7).

Discussion

This study employed three-dimensional finite element analysis to systematically quantify the biomechanical effects
of insoles with varying Young’s moduli (100 MPa to 500,000 MPa) on key foot tissues. The results demonstrated
that as insole stiffness increased, both overall foot displacement and local tissue stresses significantly decreased,
with the most pronounced effects observed during the forefoot contact phase of gait. This study clearly revealed
the quantitative influence of insole stiffness on foot biomechanics during gait, including reductions in foot
displacement (48.0%), peak stress at the medial process of the calcaneal tuberosity (30.8%), metatarsal peak stress
(20.8%), and peak plantar pressure (47.5%). Unless otherwise stated, all percentage changes are relative within-
model comparisons across stiffness levels and should be interpreted as upper-bound theoretical predictions,
not as direct clinical values. Compared with previous finite element studies that primarily focused on static or
simplified gait conditions”!”!8, this work systematically evaluated both stress and displacement responses under
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Fig. 7. Biomechanical responses of the foot under different insole materials with varying Young’s moduli
during static and dynamic loading conditions. (A) Foot displacement; (B) Peak von Mises stress at the medial
process of the calcaneal tuberosity; (C) Peak metatarsal stress; (D) Peak plantar stress. Results are compared
between bilateral static standing and forefoot loading phase of gait.

typical static and dynamic loading, providing direct and robust biomechanical evidence for the functional insole
design in dynamic scenarios.

This outcome can be attributed to the pronounced influence of insole Young’s modulus on arch support
and the biomechanical response patterns of plantar soft tissues. Insoles with low Young’s modulus undergo
substantial elastic deformation under load, resulting in excessive arch collapse and overstretching of plantar soft
tissues, thereby increasing the risk of localized stress concentration in the plantar fascia and metatarsals. This
phenomenon aligns with the findings of McDonald et al.!®, who reported that the plantar fascia experiences a
characteristic elastic stretch-shortening cycle during the support phase, with the majority of strain arising from
arch compression, underscoring the pivotal role of the arch as an elastic “spring” structure in weight-bearing
activities. Excessively soft insoles provide insufficient arch support, which not only diminishes the energy storage
and return functions of this spring-like mechanism but may also impose additional tensile loads on the plantar
fascia, heightening the risk of fatigue accumulation and tissue injury. Through the quantitative comparison of
insoles with different Young’s moduli, this study further elucidates the dynamic coupling between plantar soft
tissues and external rigid support, and confirms that moderately increasing insole stiffness under gait loading
can substantially reduce stresses on key foot structures. This finding is consistent with the work of Luo et al.%,
who demonstrated—via finite element analysis and indentation experiments—that optimizing insole elasticity
and structural design can markedly redistribute internal and surface plantar stresses, strains, and strain energy
density (SED), thereby mitigating the risk of soft tissue injury. The quantitative evidence from the present study
further establishes that increasing insole Young’s modulus effectively limits plantar structural deformation and
reduces peak local stresses, providing robust biomechanical support for the mechanism of insole-mediated arch
support.

Existing studies predominantly emphasize the role of functional insoles in the prevention and rehabilitation
of plantar fasciitis, metatarsalgia, and diabetic foot*"?2. However, recommendations regarding the appropriate
range of insole Young’s modulus largely rely on empirical experience, lacking clear quantitative support. The
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present study identifies a “threshold effect” for insole stiffness: when the Young’s modulus exceeds approximately
3,000 MPa, the reductions in foot displacement and key tissue stresses become markedly attenuated, exhibiting
a typical “plateau effect” or “diminishing marginal returns.” This finding suggests that insole design should not
pursue unlimited stiffness but instead achieve an optimal balance between biomechanical load reduction and
wearing comfort?>?*. Although similar phenomena have been qualitatively reported, most rely on subjective
comfort assessment rather than quantitative evidence?>~?’. Casado et al.? observed that harder insoles reduced
plantar pressures and improved comfort in motorcycling scenarios, which aligns with our results, yet no optimal
stiffness range was provided. By contrast, this study quantitatively defines the threshold range of insole Young’s
modulus via finite element analysis, providing objective biomechanical evidence for personalized insole design.
Clinically, we recommend selecting the optimal stiffness range according to patient type: (i) medium-to-high
modulus insoles (1,000-3,000 MPa) are suitable for plantar fasciitis or high-stress sports injuries to reduce
plantar fascia and metatarsal stress and mitigate recurrence risk; (ii) flexible insoles (< 1000 MPa) are preferable
for daily comfort and low-load activities to enhance cushioning and wear experience; and (iii) for personalized
applications, “modulus matching” can be achieved by integrating foot imaging with finite element simulation
to avoid excessive stiffness compromising comfort. Although our results indicate that as insole stiffness
increases, both foot displacement and stress decrease, this finding may seem to contradict the common use of
softer insole materials in clinical practice. In the finite element analysis, stiffer insole materials provided more
support, reducing the deformation of foot soft tissues and thereby lowering plantar loading and stress. However,
in practice, softer insole materials are widely used for their better comfort and shock absorption properties.
This discrepancy primarily stems from the idealized assumptions in our study. We chose linear elastic models
and simplified static loading conditions to explore the basic effects of insole stiffness on foot biomechanics. In
reality, insole design considers not only stiffness but also balances comfort, adaptability, and individual needs.
While our simulations show biomechanical advantages of stiffer insoles, comfort and shock absorption are often
prioritized by many users in actual designs. Future functional insole design should fully consider this “threshold
effect,” ensuring effective biomechanical load mitigation while maintaining wearability, thereby facilitating the
transition from empirical to precise and individualized insole development.

Despite providing clear biomechanical evidence, this study has several limitations. First, the finite element
model was based on CT data from a single healthy male, without accounting for variations in sex, age, body
weight, or foot conditions (such as flatfoot or high-arched feet), which could influence foot biomechanics
and limit the generalizability of the findings. Second, the study only simulated two loading conditions—static
bilateral stance and forefoot contact during gait—without considering more complex dynamic scenarios, such
as running or jumping, which restricts the comprehensive representation of dynamic foot loading. Third, the
model used linear elasticity to simulate soft tissues, a simplification that fails to capture the nonlinear behavior
of soft tissues, especially under large deformations and dynamic loading conditions. Additionally, muscle forces
were not included in the model, though muscle forces are crucial biomechanical factors in gait. Future studies
should include more diverse foot types, expand sample sizes, and simulate a broader range of dynamic scenarios
to enhance the generalizability of the results. Incorporating musculoskeletal modeling and nonlinear material
properties (such as viscoelasticity or hyperelasticity) will further improve the accuracy and clinical relevance of
the simulations. While these simplifications exist, the current model results still provide valuable preliminary
insights and offer effective reference value for insole design.

Conclusion

This study systematically quantified the biomechanical effects of insole Young’s modulus on key foot tissues using
three-dimensional finite element analysis. The results demonstrate that increasing insole stiffness significantly
reduces foot displacement and tissue stresses, with the most pronounced effect occurring during forefoot contact
in gait. Moreover, a threshold effect was identified at approximately 3,000 MPa, providing robust biomechanical
evidence to guide the scientific material selection and personalized design of functional insoles.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.
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