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1. Introduction 

The joints of the lower limb are the key elements in enabling the interaction of the body and 

the ground during gait [2]. At the same time, the ankle represents one the first links in this 

load-transferring mechanism. The problems and applications of digital twin modeling, which 

represent highly accurate and validated models used for treatment and surgical planning, are 

becoming ever more popular as indicated by recent publications [15], [16]. Nevertheless, 

these models require modern and advanced tools for validation and efficient exploration of the 

solution space. This is only even more evidenced by the complex nature of the body joints 

present in the lower limb. 

The ankle joint, analyzed in this study, contains multiple subjoints, which form an 

intricate structure with three-dimensional articulation. This paper focuses on the part of the 

ankle sometimes referred to as the true ankle joint, in which the talus and tibia are connected. 

This subjoint is mostly responsible for plantar- and dorsiflexion, which can be seen as flexion 

and extension in the sagittal plane of the lower limb. The joint connects the aforementioned 

bones through a layer of cartilage and a complex system of ligaments. The ligaments resemble 

nonlinear cables in their function, while the articular surfaces could be seen as deformable 

contact pairs, transferring mostly compressive loads. 

Two main approaches for modeling this structure can be observed in the literature. The 

first one employs the Finite Element Method (FEM), which makes it possible to accurately 

represent the load distribution in structures with complex geometry [9], including modeling 

implants and more [21], albeit at a high numerical cost. The method is very useful in 

analyzing biomechanical models, however, its applications are still somewhat limited due to 

available computing power, especially in problems regarding dynamics, optimization and 

uncertainty quantification. That is why, the models formulated under the Multibody System 

(MBS) framework are very common [22], [23]. It is worth mentioning that in many cases the 

models obtained with FEM and MBS differ mostly in the description of contact in the 

articular surfaces. FEM offers a much more viable option in this case, while MBS provides a 

rough, but fast approximation. Interestingly, in case of MBS method many distinct 

subapproaches to modeling can be observed. In some models, the articular surfaces are treated 

as rigid and modeled with constraint equations [6]. Other models treat all of the elements of 

the ankle as deformable [1], [4]. The ankle can also be replaced with kinematic pairs typically 

found in mechanism and machine theory [14], [17]. Other methods to assess contact 

biomechanics were also tested for different joints [18], [19]. Finally, the models can also be 

subdivided into two-dimensional [1] and three-dimensional [14]. 



 

 

 Regardless of the assumed modeling method, it is typical to model the ligaments in 

the joint with nonlinear cables [1], [10], [22], [23]. This representation captures the essential 

characteristics of these elements, while being numerically efficient. 

Modeling such an intricate, nonlinear system is a difficult task, which is only 

compounded by the fact that typical body joints function in a state of prestrain [11]. The 

prestrain considered in this study can be defined as a complex phenomenon, in which certain 

elements of the joint are under strain, even when no external load is applied to it. In 

biomechanical models of the ankle, or other synovial joints, such as the knee, the prestrain is 

usually applied to the ligaments. Its implementation is rather simple as it only requires setting 

the initial length of the cable, also refereed to as slack or free length, to a proper value. While 

the implementation might be simple, choosing the proper value for the slack length is a very 

complicated problem. Medical scans, used for generating patient-specific data, do not provide 

any information on the internal state of the joint. Therefore, the slack length value is typically 

obtained through invasive experiments [13], which require the ligament to be excised from 

the joint. Such an approach does not complement the digital twin trend, popular in 

biomechanics. Even if the experiment was noninvasive, the uncertainty in measurement of 

slack length could create many problems as the typical prestrain values are very low, often 

close to 2 %. 

In the literature, three main approaches could be found to address the problem of 

obtaining slack lengths in a numerical way. The simplest one is to choose a strain-free 

configuration for the joint, often corresponding to its rest configuration. The lengths of the 

ligaments computed in this configuration serve as the slack lengths for the subsequent 

simulations. In this approach the ligament prestrain is effectively omitted. The second option 

is to apply low, arbitrary prestrain values to the ligaments. This is typically done by 

shortening the ligament lengths obtained in the reference configuration by 2 % [3], [8], [10], 

[22], [23]. The trend seems to be dominant in the ankle joint modeling. However, the arbitrary 

shortening often results in the change of the equilibrium of the model, impacting its output 

characteristics, such as angular displacement. The next possibility is to shorten the ligaments 

based on the actual experimental results published in the literature [5]. Although this seems 

like the most attractive option, it should be mentioned that slack lengths are patient-specific, 

linked to joint geometry and material properties. When such specific experimental values are 

applied to an arbitrary joint model, they might result in unbalanced load system, as seen in 

[5]. Finally, it should be mentioned that slack lengths can also be optimized along other model 

parameters, in order to fit the model to a desired reference characteristic [6]. This however, 



 

 

requires reference joint characteristics, which are not always available, especially for 

problems regarding digital twin modeling. Furthermore, during optimization, the ligaments 

along with their slack lengths might lose their original function, making it difficult to 

ascertain the true impact of prestrain. 

In [5], it was shown that the currently available modeling approaches to ligament 

prestrain only approximate the real phenomenon, while also significantly affecting the results 

obtained from the model. It remains unclear, which of the approaches offers the results closest 

to reality. A potential solution to the problem is to compare the methods on a large collection 

of models with established reference characteristics. However, this would be a significant 

undertaking and would not directly apply to new or untested digital twin models without 

known reference outputs. Additionally, due to low physical levels of prestrain, potential 

uncertainties in measurement could make the analysis more difficult. 

On the other hand, while shortening slack lengths alters the model in an unpredictable 

manner [5], the resulting model is still a prestrained variant of the original. Even through it 

differs from the original, it shares similarities with it in terms of parameters and output, and, 

more importantly, it can be seen as the much needed reference, but obtained in a numerical 

way. The main idea of this study is take advantage of this property and generate multiple 

random prestrained models resembling the original. Then, test and compare the prestrain 

approaches on the generated models. 

 

2. Method 

The main objective of the approach was to use an existing ankle model to generate a large 

number of its random prestrained variants. These models would form a reference dataset to 

analyze common prestrain approaches. In the first part of this section, the assumed model of 

the ankle joint is introduced. The second section focuses on the details regarding the prestrain 

approaches employed in the study, while the third one describes the procedure used to 

generate and prestrain the random variants of the base model. 

 

2.1. The assumed model of the ankle joint 

The base model of true ankle joint used in this study was assumed after [1]. It contains six 

nonlinear cables, which model the ligaments, and two contact pairs that deform to represent 

the articular surfaces of the ankle joint, see Fig. 1. 



 

 

 

Fig 1. The model of the ankle joint analyzed in this study. Reproduced with permission from 

[1]. 

 

The ligaments considered in this model are: the anterior tibiotalar ligament (ATT), 

tibiocalcaneal ligament (TC), posterior tibiotalar ligament (PTT), anterior talofibular ligament 

(ATF), calcaneofibular ligament (CF), and posterior talofibular ligament (PTF). Their force 

values can be obtained from an an exponential, assumed after [7]: 

 

 𝐹𝑖 = 𝐴𝑖 (𝑒𝑥𝑝 (𝐵𝑖
𝑙𝑐𝑢𝑟,𝑖−𝑙𝑠𝑙𝑎𝑐𝑘,𝑖

𝑙𝑠𝑙𝑎𝑐𝑘,𝑖
) − 1)       (1) 

 

where: Fi – the force generated by the cable when its elongated; Ai/Bi – the material 

parameters for the ligament model, lcur,i – the current length of the cable for the given 

configuration, lslack,i – the slack length of the cable (often referred to as free or initial length). 

 The contact pairs were modeled as Hertzian of sphere-sphere type, as in [1], [12], 

while the model was loaded with an external moment of -5 Nm to 5 Nm in 51 steps. The 

system was defined by two governing equations. The first one, representing for force 

equilibrium, contained the sum of the forces generated by the ligaments and the contact pairs. 

The second one, for moment equilibrium, consisted of the sum of the moments from the 

ligaments and contact pairs as well as the external flexion moment acting on the system. The 

solutions, in the form of model configuration, were obtained with Levenberg–Marquardt 



 

 

method implemented in Scipy [20]. The obtained solution was accepted if the sum of the 

residual loads (Fx, Fy and M) was less than 1.0×10−8. 

 The main output of the model, i.e. the angular stiffness, was obtained by computing 

the angular displacement under external moment loads with reference to the equilibrium 

configuration. 

 

2.2. Including prestrain in the model 

 The prestrain can be included in the model simply by modifying the slack lengths in 

the force equation for the cables representing ligaments. Two major approaches to the 

computation of slack lengths can be found in the literature. The first one, referred to as strain-

free in this study, assumes that these lengths are equal to lengths of the links in the rest 

configuration of the model. This makes the solution elegant and simply, but effectively omits 

prestrain, as by definition assumes a strain-free configuration. The second common approach, 

refereed to as 2 % shortening, is to compute the lengths of the links in the rest location and 

shorten them by 2 %. This ensures that the model is prestrained in the studied configuration, 

however, due to the complex nature of the joint, in the rest configuration the loads no longer 

equate and the new rest location has to be computed numerically making the model 

unpredictable. 

 It is unclear, which approach offers more realistic approach, as, to the best of my 

knowledge, they never were directly compared. This would require a large reference dataset 

of prestrained ankle models. 

 

2.3. Generating a reference set for testing prestrain 

Including prestrain in the above model can be as simple as setting the slack lengths to 

different values than their lengths in the rest configuration, as shown in [5]. However, this 

creates an imbalanced load system in the rest configuration, and in turn changes the model in 

an unpredictable way. The new model may not behave as intended, however, due to its strong 

resemblance to the original, as seen in [5], it might serve as a reference for comparing 

prestrain approaches. Both its output characteristics (angular stiffness) and input parameters 

(slack lengths) can be obtained and are similar to those of the original model. Therefore, it can 

be seen as an approximation of the ankle joint itself. Furthermore, the model and its output 

characteristics are free from problems resulting from uncertainty in measurement and 

parameter acquisition. 



 

 

The new model can also be prestrained the second time, by modifying slack lengths, 

but this time according to the common approaches used in literature - strain-free location and 

2% shortening, so that they can be compared. Both methods simply require the lengths of the 

cables in the rest configuration of the model. In this case, the output characteristics of the 

model after the second prestrain can be compared to the known reference characteristics, 

which allows to actually ascertain, which approach is better.  

Nevertheless, using only one model for this purpose is questionable, as the results 

might not represent a global trend. This is why, this study employs a generative approach. 

Namely, nearly 600 models were generated by perturbing the base model by up to ±0.5 % and 

±1.5 mm in material and geometric parameters respectively. The perturbation included the 

slack lengths (see the rule below), effectively creating a large collection of prestrained ankle 

models with known reference characteristics. The perturbation values were carefully selected 

so that the obtained prestrained models closely resembled the base ankle model in terms of 

geometry, material parameters and output. These models can be considered near equivalents 

to actual ankle joint models and form the reference dataset for the actual comparison of 

prestrain approaches. 

As mentioned prestraining by changing the slack lengths can be difficult as it causes 

unpredictable behavior of the model – it is impossible to directly control and set prestrain 

values. Therefore, in this study, the initial slack-length perturbation for generating the model 

was performed according to the following heuristic rule: 

 

 lslack,i = lrest,i (100 + m / 2 – Rand · m) / 100       (2) 

 

where: lslack,i/ lrest,i – the slack/rest length of the ligament i, m – a heuristic parameter, here 

equal to: 5 or 7, Rand – a random number from 0 to 1. 

 The rule was devised manually, through experimentation. For m of 5 or 7, the 

generated models feature low, physical levels of prestrain. 

 

2.4. Comparing the prestrain approaches 

As aforementioned, the main aim of the study was to evaluate the effectiveness of the two, 

common approaches to computing slack lengths: the strain-free approach and the 2 % 

shortening approach. To assess the quality of the two techniques, both methods were applied 

to every model within the generated reference dataset, described in the previous section. The 

obtained output characteristics from the approaches were then compared to the reference ones 



 

 

using a sum of absolute values of differences between the points on the angular displacement 

curves. The obtained values were then divided by the number of load points in the simulation. 

The resulting indicator represented the average angle difference between the real and prestrain 

curves per load point, measured in degrees. 

 Additionally, to further analyze the effect of prestrain, three random perturbations on 

lengths are also tested along with the strain-free and the 2 % shortening. 

 

3. Results and discussion 

The results section was subdivided into two parts. The first one details the generated, 

prestrained models of the ankle, while the second one focuses on the comparison of 

approaches. 

 

3.1. The generated models of the ankle 

In total, six reruns of the model generation routine were performed under different initial 

parameters. A model was only added to the reference dataset if it solved for the original slack 

length perturbation, the two typical approaches (strain-free and 2 %) and three further random 

perturbations.  

 

Table 1. The details regarding the reruns for the model generation procedure, where geo_mod 

and mat_mod stand for the range of change for the geometric and material parameters 

respectively, while m is the heuristic parameter used in Eq (2). 

id geo_mod [mm] mat_mod [%] m 

1 0.5 0.5 5 

2 0.5 0.5 7 

3 1.5 0.5 5 

4 1.5 0.5 7 

 

 The reruns were summarized in Table 1. The first two trials were performed in the 

close vicinity of the model, with geometrical and material parameters differing only up to 

±0.5mm and ±0.5 %. These values were deliberately low, as these models were supposed to 

be very similar to the original one, but with actual prestrain and proper reference 

characteristics to compare prestrain approaches.  



 

 

 

Table 2. The average/maximal prestrain values for each ligament in the new rest location over 

all of the reruns, where id stands for the id of the run specified in Table 1. 

id ATF [%] ATT [%] TC [%] CF [%] PTT [%] PTF [%] 

1 1.5/5.3 0.8/4.1 1.2/3.1 1.3/2.8 1.0/5.8 1.6/6.7 

2 2.1/6.2 1.1/5.9 1.7/4.0 1.8/3.9 1.4/8.1 2.2/9.8 

3 1.6/6.5 0.8/8.9 1.2/3.4 1.3/3.4 0.9/6.0 1.9/8.8 

4 2.2/6.7 1.1/10.2 1.6/4.2 1.8/4.3 1.3/8.5 2.6/11.6 

 

The heuristic parameter m was manually selected to be either 5 or 7. These values resulted in 

low and realistic levels of prestrain in the generated models, as the mean prestrain never 

exceed 2.2 %. In some cases the values were higher, as reflected by the maximum. The actual 

values of prestrain are very difficult to control or predict based on the modification of slack 

lengths. In this study these outliers were not removed from the model dataset, due to the large 

overall number of generated models and realistic mean values of prestrain. Nevertheless, the 

outliers could also be filtered out after model generation. 

 

 

Fig. 2. The generated models that solved for all the assumed prestrain cases with bounds on 

the geometric parameters set to: ±0.5 mm (on the left) and ±1.5 mm (on the right). One of the 

models is drawn with a solid black line in both cases to showcase one of the obtained 

structures. 



 

 

 In the second batch of reruns – 3-6 – the bounds on the geometric parameters was 

raised to ±1.5 mm to better reflect the uncertainties in parameter acquisition, when creating 

models from medical scans. While the models differed significantly in this case, as seen in 

Fig. 2, the values of prestrain remained realistic, never exceeding 2.6 % in the mean values.  

 

 

Fig. 3. The angular responses of the generated models with ±0.5 mm bounds on the geometric 

parameters. 

 

 

Fig. 4. The angular responses of the generated models with ±1.5 mm bounds on the geometric 

parameters. 

 



 

 

In terms of their angular responses, the ±0.5 mm bounds resulted in curves close to that of the 

original model, as seen in Fig. 3. On the hand, the ±1.5 mm bounds returned a much higher 

spread of the results, although, still similar to that of the actual ankle joint, with a ratio 

between plantar- and dorsiflexion mostly preserved. These curves formed the reference 

dataset to test the prestrain approaches on. 

 Overall, judging by the values of prestrain and the angular responses, the procedure 

for generating the models was successful in creating a proper reference dataset for the actual 

prestrain comparison. 

 Nevertheless, it is worth mentioning, that solving each model for all the slack-length 

variants was not easy. In some cases the models did not coverage and had to be removed from 

the dataset. This resulted in success ratio for generating models of nearly 30 %. In total out of 

2000 tested models, 592 solved for all the prestrain cases and were added to their respective 

reference datasets. Interestingly, with higher number of slack length perturbation, more 

models successfully finished the simulations.  

 

3.2. Comparison of the prestrain approaches 

As mentioned before, the model generation was only the first part of the study. These 

generated models, provided a much needed reference for testing the typical approaches to 

prestrain. Every solved model from the dataset can be prestrained with either the strain-free or 

2% shortening approach and then solved again. The angular stiffness resulting from the 

prestrain approaches can be compared to the actual model’s response, see Figs 3 and 4, simply 

by subtracting one curve from another and summing the results after absolute value. The 

smaller resulting number from the two approaches reflects an approach that is closer to reality 

in this case. To provide more context for comparisons, three additional approaches, in 

which the slack lengths were randomly shortened, were tested.  

 As seen in Table 3, none of the approaches returned results perfectly matching that of 

the reference. In fact, in all of the cases, the difference between the ground truth and the 

prestrain approached never dropped below 1 deg per load point. The common, 2 % shortening 

approach had the worst performance of all the tested cases, while random perturbations of 

lengths were roughly comparable to that of the strain-free approach. 

 

 



 

 

Table 3. The summary of the averaged and maximal differences between the model with a 

prestrain approach applied with regards to its true reference response. The results are in 

degrees and reflect the averaged/maximal differences per load step in the model. 

id  strain-free [deg] 2% short. [deg] rand. #0 [deg] rand. #1 [deg] rand. #2 [deg] 

1 avg: 1.32 2.05 1.11 1.40 1.12 

 max: 1.55 2.97 1.87 1.64 1.86 

2 avg: 1.79 2.07 1.58 1.79 1.59 

 max: 2.38 3.66 2.71 2.48 2.71 

3 avg: 1.32 2.51 1.37 1.38 1.33 

 max: 2.72 5.16 3.88 3.98 4.31 

4 avg: 1.73 2.30 1.62 1.70 1.57 

 max: 2.06 3.13 2.09 2.24 2.13 

 

3.3. Discussing the obtained results 

 The discussion of the obtained results is difficult as not many studies performed 

comparable numerical or practical experiments. Furthermore, the obtained results were 

directly linked to the underlying ankle joint model used in this study. Nevertheless, some 

general points could be drawn from the simulations. Firstly, the significant effect of prestrain 

on the angular response of the model was shown in Table 3, which was in line with a previous 

study on prestrain [5]. In [5], the results from the prestrain approaches were not compared to 

any reference curves, which limited their applicability. In the current study, the reference set 

of prestrained ankle model variants was generated. Due to the numerical nature of the method, 

the models in the dataset were properly prestrained, with no interference from uncertainty in 

parameter acquisition or output measurement. This allowed for a direct comparison of 

prestrain approaches, and revealed that for the assumed model, the strain-free approach, 

which essentially omits prestrain from the model, offers good overall results, in terms of the 

angular stiffness, strongly outperforming the more common 2 % shortening approach. 

Interestingly, the strain-free approach is also the simplest one to solve and analyze, as it does 

not change the rest configuration of the model, as shown in [5]. On the other hand, the 2% 

shortening approach, frequently used in ankle joint models [3], [8], [10], [22], [23], was the 

worst approach in all of the performed simulations. In fact, in most cases it was bested by 

randomly perturbing the slack lengths. Again, these results are directly applicable only to the 

assumed ankle model and might change when a different model is analyzed or with different 

bounds on the model parameters. Nevertheless, the proposed method is general and could be 



 

 

applied to any biomechanical model featuring ligaments. Furthermore, the results showcase 

how important prestrain is in a biomechanical model and how significantly it can impact the 

results. Finally, as every model is based on many simplifications and is only a reflection of 

reality, including more complex in it phenomena in it might not improve the final results. 

 

4. Conclusions 

In this study a numerical, data-driven method for comparing approaches to ligament prestrain 

in biomechanical models was proposed. The method was tested on a multibody model of the 

ankle and consisted of two steps: reference dataset generation by random sampling and 

prestrain comparison performed on the generated models. 

 The obtained results showcased that the prestrain approaches significantly affect the 

angular stiffness curves obtained from the model. Furthermore, the typical approach to 

prestrain in ankle joint modeling – 2% shortening – was proven less effective on the studied 

model than the simpler strain-free approach. In fact, the arbitrary shortening was worse than 

random perturbation of the slack lengths. Although these results should be interpreted with 

caution, they show that, in some cases, including more complex physical phenomena in the 

model might degrade the results rather than improve them, as seen in this study. 

 The proposed method is general and easy to apply for any biomechanical model with 

ligaments. It might serve as tool to explore the solution space of the model and help decide its 

structure. 

 

References 

[1] BORUCKA A., CISZKIEWICZ A., A Planar Model of an Ankle Joint with Optimized 

Material Parameters and Hertzian Contact Pairs, Materials, 2019 12 (16), 2621, DOI: 

10.3390/ma12162621. 

[2] BROCKETT C.L., CHAPMAN G.J., Biomechanics of the ankle, Orthopaedics and Trauma, 

2016, 30 (3), 232–8, DOI: 10.1016/j.mporth.2016.04.015. 

[3] BUTTON K.D., WEI F., MEYER E.G., HAUT R.C., Specimen-Specific Computational 

Models of Ankle Sprains Produced in a Laboratory Setting, J Biomech Eng, 2013, 135 

(4), 041001, DOI: 10.1115/1.4023521. 

[4] CISZKIEWICZ A., Analyzing Uncertainty of an Ankle Joint Model with Genetic Algorithm, 

Materials, 2020, 13 (5), 1175, DOI: 10.3390/ma13051175. 

[5] CISZKIEWICZ A., Arbitrary Prestrain Values for Ligaments Cause Numerical Issues in a 

Multibody Model of an Ankle Joint, Symmetry, 2022, 14 (2), 261, DOI: 

10.3390/sym14020261. 

[6] FORLANI M., SANCISI N., PARENTI-CASTELLI V., A Three-Dimensional Ankle Kinetostatic 

Model to Simulate Loaded and Unloaded Joint Motion, J Biomech Eng, 2015, 137 (6), 

061005, DOI: 10.1115/1.4029978. 



 

 

[7] FUNK J.R., HALL G.W., CRANDALL J.R., PILKEY W.D., Linear and Quasi-Linear 

Viscoelastic Characterization of Ankle Ligaments, J Biomech Eng, 2000, 122 (1), 15–22. 

[8] IAQUINTO J.M., WAYNE J.S., Computational Model of the Lower Leg and Foot/Ankle 

Complex: Application to Arch Stability, J Biomech Eng, 2010, 132 (2), 021009, DOI: 

10.1115/1.4000939. 

[9] KLEKIEL T., BĘDZIŃSKI R., Finite Element Analysis Of Large Deformation Of Articular 

Cartilage In Upper Ankle Joint Of Occupant In Military Vehicles During Explosion, 

Arch Metall Mater, 2015, 60 (3), 2115–21, DOI: 10.1515/amm-2015-0356. 

[10] LIACOURAS P.C., WAYNE J.S., Computational Modeling to Predict Mechanical Function 

of Joints: Application to the Lower Leg With Simulation of Two Cadaver Studies, J 

Biomech Eng, 2007, 129 (6), 811–7, DOI: 10.1115/1.2800763. 

[11] MAAS S.A., ERDEMIR A., HALLORAN J.P., WEISS J.A., A general framework for 

application of prestrain to computational models of biological materials, J Mech Behav 

Biomed, 2016, 61, 499–510, DOI: 10.1016/j.jmbbm.2016.04.012. 

[12] MACHADO M., FLORES P., CLARO J.C.P., AMBRÓSIO J., SILVA M., COMPLETO A., 

LANKARANI H.M., Development of a planar multibody model of the human knee joint, 

Nonlinear Dyn, 2010, 60 (3), 459–78, DOI: 10.1007/s11071-009-9608-7. 

[13] OZEKI S., YASUDA K., KANEDA K., YAMAKOSHI K., YAMANOI T., Simultaneous Strain 

Measurement With Determination of a Zero Strain Reference for the Medial and Lateral 

Ligaments of the Ankle, Foot Ankle Int, 2002, 23(9), 825–32, DOI: 

10.1177/107110070202300909. 

[14] RODRIGUES DA SILVA M., MARQUES F., TAVARES DA SILVA M., FLORES P., A new skeletal 

model for the ankle joint complex, Multibody Syst Dyn, 2024 60 (1), 27–63, DOI: 

10.1007/s11044-023-09955-z. 

[15] ROUPA I., DA SILVA M.R., MARQUES F., GONÇALVES S.B., FLORES P., DA SILVA M.T., On 

the Modeling of Biomechanical Systems for Human Movement Analysis: A Narrative 

Review, Arch Computat Methods Eng, 2022, 29 (7), 4915–58, DOI: 10.1007/s11831-

022-09757-0. 

[16] SILVA M., FREITAS B., ANDRADE R., CARVALHO Ó., RENJEWSKI D., FLORES P., 

ESPREGUEIRA-MENDES J., Current Perspectives on the Biomechanical Modelling of the 

Human Lower Limb: A Systematic Review, Arch Computat Methods Eng, 2021, 28 (2), 

601–36, DOI: 10.1007/s11831-019-09393-1. 

[17] SYBILSKI K., MAZURKIEWICZ Ł., JURKOJĆ J., MICHNIK R., MAŁACHOWSKI J.,  Evaluation 

of the effect of muscle forces implementation on the behavior of a dummy during a head-

on collision, Acta Bioeng Biomech, 2021, 23 (4), 137–147 DOI: 10.37190/ABB-01976-

2021-04. 

[18] TAKABAYASHI T., EDAMA M., INAI T., TOKUNAGA Y., KUBO M., Influence of sex and knee 

joint rotation on patellofemoral joint stress, Acta Bioeng Biomech, 2022, 24 (3), 161–8, 

DOI: 10.37190/ABB-02115-2022-03. 

[19] TAKABAYASHI T., MUTSUAKI E., TAKUMA I., MASAYOSHI K., Effect of change in 

patellofemoral joint contact area by the decrease in vastus medialis muscle activation on 

joint stress, Acta Bioeng Biomech, 2023, 25 (2), 41–47, DOI: 10.37190/ABB-02234-

2023-02. 

[20] VAN DER WALT S., COLBERT S.C., VAROQUAUX G., The NumPy Array: A Structure for 

Efficient Numerical Computation, Comput Sci Eng, 2011, 13 (2), 22–30, DOI: 

10.1109/MCSE.2011.37. 

[21] WATANABE R., MISHIMA H., TAKEHASHI H., WADA H., TOTSUKA S., NISHINO T., 

YAMAZAKI M., HYODO K., Stress analysis of total hip arthroplasty with a fully 

hydroxyapatite-coated stem: comparing thermoelastic stress analysis and CT-based 



 

 

finite element analysis, Acta Bioeng Biomech, 2022, 24 (2), 47–54, DOI: 

10.37190/ABB-01994-2021-01. 

[22] WEI F., BRAMAN J.E., WEAVER B.T., HAUT R.C., Determination of dynamic ankle 

ligament strains from a computational model driven by motion analysis based kinematic 

data, Journal of Biomechanics, 2011, 44 (15), 2636–41, DOI: 

10.1016/j.jbiomech.2011.08.010. 

[23] WEI F., HUNLEY S.C., POWELL J.W., HAUT R.C., Development and Validation of a 

Computational Model to Study the Effect of Foot Constraint on Ankle Injury due to 

External Rotation, Ann Biomed Eng, 2011, 39 (2), 756–65, DOI: 10.1007/s10439-010-

0234-9. 


