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ABSTRACT: The paper presents the generalized and parametrized 3D geometric modelling 

of the lower limb bone system. The research subscribes to ampler interests within the specialty 

literature, objectified through analytical, geometrical, numerical or experimental models 

regarding the human gait.  The study of the previously mentioned models presents high interest 

for the further development of treatment strategies, implants or prosthesis of the specific human 

body element. After the thorough study of the anatomy, kinematics and biomechanics, a 

parametrized 3D modelling of the lower limb assembly has been developed. The resulted 

product assures generating the 3D model of the foot within all gait phases, through changing of 

the parameter values, and further, it can be associated to the existing variable loading states.  

By using the Skeleton system method within the relevant joint areas, it is provided the facile 

possibility of simulations and analyses of both healthy subjects, along with subjects affected by 

diverse pathological conditions, such as axial deviations of the bones.  

KEYWORDS: 3D modeling, biomechanics of the foot, kinematic chain, parametric assembly 

of the lower limb. 

 

1 INTRODUCTION  

The modelling of the human gait is a theme 

which require thorough researches regarding 

medical aspects, alongside with biomechanical and 

engineering knowledge. The subject must be 

approached as an interdisciplinary one; it must be 

viewed as a whole, due to the fact that gaits 

kinematics and dynamics gets truly interesting 

based on the complexity of the foot anatomy, 

characterized by a high number of bones, ligaments 

and muscles. 

In this context, the existing modelling within the 

specialty literature targets multiple aspects. 

Therefore, paper (Ackermann and van den Bogert, 

2010) presents a criterial optimization study of the 

gait, with important results for further surgical 

interventions and also prosthesis.  

Furthermore, there are also high interest in the 

development of models and simulations of the gait 

in association with the muscular activity (Rajagopal 

and colab., 2016) or for the research regarding the 

kinematic and dynamic effects of some human body 

characteristics, during the main gait phases. (Siegler 

and colab., 1982). 

The researches within the current paper follow-

up the presented interests, aiming in developing the 

generalized and parametrized model of the lower 

limb bones during gait, for normal anatomical 

cases, and for patients suffering from axial 

deviations within the bone system, as well.   

 

The objectives of this research are as following: 

- anatomy, kinematics and foot biomechanics 

comprehension; 

- creating the afferent 3D models required for the 

previously mentioned comprehension aspects; 

- parametrized modelling of the foot assembly, 

during gait, in correlation with the suitable loading 

state for each gait phase. 

2 RELEVANT ANATOMY & GAIT 

BIOMECHANICS 

2.1 Anatomy of the lower limb  

The lower limb consists of all the elements 

found between the hip and the toes. The locomotory 

system withing the lower limb consists of 30 bones: 

the femur, patella, tibia, fibula, and the bones of the 

foot, linked through the hip, knee, ankle and foot 

joints alongside with over 100 tendons. Further, the 

foot structure is divided into three main regions, 

forefoot, midfoot and hindfoot (Pop and colab., 

2013), (Wesker, 2007), consisting as following:  

- forefoot: 5 metatarsals, 14 phalanges and 2 

sesamoids, linked to the midfoot through the 

Lisfranc joint; 

- midfoot: cuboid, navicular, 3 cuneiforms 

linked through the talonavicular, tarsometatarsal 

and calcaneocuboid joints; 

- hindfoot: talus and calcaneus, connected to the 

tibia and fibula due to the ankle joint. 
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 The bones are illustrated in figure 1, focusing 

on the terminal area, the foot, on which is the most 

interest of the paper. 

 

 
Figure 1. Bone structure of the lower limb 

 

2.2 Biomechanics of the foot 

The construction of the foot has a specific 

capability regarding the fact that it could be both 

stiff and flexible, depending on the circumstances. 

The normal gait consists in three main phases, 

firstly, the contact between the ground and the foot 

finds the limb in an eased condition; ready to mold 

over various sole types, with a considerable motion 

range. For the further gait phases, the foot shifts to a 

stiffer structure, acting as a rigid lever, for forward 

limb propulsion. (Chan and Rudins, 1994) 

The motion of the foot consists in six gross 

movements (or fundamental foot motions), grouped 

in pairs of two, as following: 

- Abduction-adduction; 

- Plantar and dorsi-flexion; 

- Inversion and eversion. 

For a good comprehension of the motions, they 

must be defined relatively to the main planes and 

axis within the human body. Therefore, the 

abduction and adduction movements consist in 

rotations within the transversal plane, around the 

longitudinal axis, whereas the dorsiflexion and 

plantarflexion occur around the transversal axis, 

within the sagittal plane, describing the lifting and 

lowering motions. Finally, the inversion and 

eversion motions are described within the frontal 

plane, measured around the sagittal axis.  

Those movements can be extrapolated to all 

elements of the human body, and in order to have a 

better tridimensional view of the fundamental 

motions established within the foot and ankle, 

figure 2 illustrates their rotation directions around 

the respective axis. 

 
Figure 2. The gross movements of the foot 

 

Due to the fact that lower limb locomotory 

system can be discretized into longitudinal bone 

axis, which are displaced relatively to each other, 

based on the subject’s specific anatomy, therefore 

there are no pure perpendicularity or parallelism 

conditions relatively to the axes or planes of the 

human body, the high majority of the motions are 

established triplanary. The spatial movements 

which result are named applied movements, and are 

consisting in combining the gross motions, as 

following: the dorsiflexion combined with 

abduction and eversion is resulting the inward 

leaning of the foot, which faces the sole laterally, 

named pronation movement, whereas, the 

supination movements consist in the combination of 

the other three gross movements, causing the foot to 

lean outward, facing the sole medially. 

During the gait cycle, circa 4-5° of pronation and 

supinations are needed for the properly propel of the 

foot and excessive motions must be corrected 

because they might lead to more severe medical 

conditions such as overpronation. (Brockett and 

Chapman, 2016)  

Based on the fact that both supination and 

pronation motions occur tridimensional, their 

specific axis of rotation do not concur with the 

body’s axes of planes. (Anicio Magalhães and 

colab. 2019) This axis in considered to be at a 10° 

rotation displacement away from the transversal 

axis within the frontal plane and a 6° displacement 

within the transversal plane. The posterior view of 

the axis positioning is presented in figure 3 and the 

superior view in figure 4. (Sharma, 2015), (Bähler, 

1986) 
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Figure 3. Posterior view of the ankle joint, with 

the frontal plane angular constraint.  

 

 
Figure 4. Superior view of the ankle joint, with the 

transversal plane angular constraint.  

 

2.3 Gait phases 

The normal gait cycle of the can be divided into 

three main phases: the stance phase, between the 

initial floor contact and the lift off, while the swing 

phase is among lift off and the new floor contact. 

During normal gait cycle, as the heel is having its 

first contact to the ground, the whole leg structure is 

shifting up to achieve the flat-foot; the foot adapts 

to the surface while the heel turns outward. During 

the fully loading of the foot, the talus head fit the 

navicular concavity, while during the lift-off; all the 

mentioned motions are reversed.   

A very important role in the body propelling is 

played by the transverse tarsal joint which a 

combination of the calcaneocuboid and 

talonavicular joints. The foot is flexible while the 

two mentioned joint axes meet the parallelism 

condition, whereas it becomes stiff when their axes 

get to be diverging. The transition from the stiff-to-

flexible state grants the foot to attend rather as 

absorber of shocks or as a rigid structure in different 

gait phases. (Sammarco, 2004)  

2.4 The kinematic chain of the healthy foot 

2.4.1 Geometrical aspects  

For a better description of the human movement, 

engineering concepts such as kinetic or kinematic 

chains had to be applied. There are two states of the 

foot kinematic chain: opened – where the foot is 

considered to move freely and closed – when free 

movement is prohibited; during gait, the foot 

alternates the two mentioned states of the kinetic 

chains. (Chan and Rudins, 1994) 

 The first element of the foot kinetic chain is 

the ankle joint; its range of motion (which will be 

further referred as ROM) varies significantly 

regarding different individuals, based on their daily 

activities. The main movements take place on the 

sagittal plane – dorsiflexion or plantarflexion. 

Plenty of studies set the interval between 65 and 

75°. The dorsiflexion range is about 10-20° while 

the rest of the interval is covered by the 

plantarflexion motion, but for daily activities, the 

range is reduced almost by a half, for example, 

walking or ascending stairs require less than 40°. 

Regarding the frontal plane, the ROM is around 

35°, one third of the value being covered by the 

eversion and two thirds by the inversion. (Bähler, 

1986) 

 During the closed state of the chain (the 

stance phase of walking or running) in the midfoot, 

the complete motion is ranging from 3-15° of 

plantarflexion, but when the weight is shifted to the 

forefoot an axis with an orientation 50-70° is 

formed. This is called metatarsal break and it enable 

supination and consequently the rigidity of the foot. 

Averaging the harvested data from the Oxford and 

Rizzoli Foot Models, the forefoot-hindfoot values 

are 40.3°±6.2° during normal walking and 

17.1°±2.7° during crouching, considering the 

sagittal plane, whereas in the transverse plane, 

during walking, values range from 4.6° up to 22.7°. 

The hallux relative to the forefoot ROM during 

crouching, in sagittal plane, starts from 16.8° to 

48.5°. (Schalling and colab., 2020) 

The metatarsophalangeal joint (MTPJ) plays a 

very significant role in the kinetic chain, being its 

last element. The dorsiflexion-plantarflexion 

measuring of this joint’s mobility had been done 

using biplane fluoroscopy, and the final results were 

having a maximum of 35° during walking. 

(Leodoux and colab., 2016) 

2.4.2 The windlass mechanism 

The motions from the foot level are being owed 

to the windlass-type mechanism within in, through 

the calcaneus, midtarsal joint and the metatarsal 

bones, named the medial longitudinal arch, forming 

the plantar fascia. This specific arch flattens due to 

the vertical force, afferent to the body mass, through 

the tibia. Due to the Ground Reaction Force, applied 

on the calcaneus and metatarsal heads, the 

phalanges enhance a dorsiflexion motion, 
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preventing the foot collapse. Figure 5 illustrates the 

windlass mechanism within the foot. 

 

 
Figure 5. Windlass mechanism of the foot (Azar 

and colab., 2008) 

 

3 PARAMETRIC 3D DESIGN OF THE 

GAIT 

Starting from the previously illustrated 

simplified discretization of the windlass-based 

mechanism within the foot, we intended to develop 

a fully parametrized assembly of the lower limb 

(tibia, fibula and the foot) within the whole gait 

cycle. 

In order to develop such an assembly, we used 

existing models of the bones of the lower limb 

structure, previously purchased from well-known 

company for 3D anatomy model provider, Zygote 

Company, and the bone models are initially placed 

in the orthostatic position, without any relative 

constraints between them. 

Further, in order to have the full control of our 

future assembly complex, we considered using the 

Skeleton system methoding; which will later assure 

the facile and exact remodeling of the assembly, in 

any given position that is required. (Cofaru and 

colab., 2021)  

The gait can be fully discretized into two main 

plantarflexions and dorsiflexions, within the ankle 

and the metatarsophalangeal joints, on which, we 

considered placing the previously mentioned 

Skeleton Systems. 

The first step in defining the adequate 

positioning of the systems is to locate the rotation 

centers of the joints, as following: 

The ankle joint (talocrural joint): 

Starting from the unconstraint orthostatic 

position of the lower limb assembly (tibia, fibula 

and the foot bones), the first step is considering the 

Center estimate anatomical method, which 

considers the rotation center of the ankle joint 

placed on the midpoint of the axis defined by the 

lateral and medial malleoli (the outer extremities of 

the fibula and tibia bones). The transmalleolar axis 

is presented in figure 6, whereas in figure 7 is 

illustrated the midpoint of it, where the first 

Skeleton system will be placed. 

 

 
Figure 6. Transmalleolar axis definition 

 

 
Figure 7. Talocrural joint rotation center definition 

 

The metatarsophalangeal joints: 

Due to the fact that the second Skeleton system 

must control the motion of five separate elements, 

it’s position must be adequately defined in order to 

reproduce the anatomical movements. The five 

metatarsophalangeal joints describe a specific axis, 
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defined by the median of the five joint centers. 

The position of this axis varrys between 50° to 70° 

relatively to the sagittal axis. 

For the current case, the axis is positioned at a 

62° angle to the sagittal axis, as presented in figure 

8. Furthermore, the Skeleton axis system will be 

positioned on the midpoint of the axis, as illustrated 

in figure 9. 

 
Figure 8. Metatarsophalangeal joint axis relatively to 

the sagittal axis 

 

 
Figure 9. Metatarsophalangeal joint axis midpoint 

Furthermore, for a tandem motion of the bones 

within the gait positions, the elements within the 

parametrized product must be grouped into 

subassemblies, as following: 

Subassembly 1:  

- tibia and fibula 

Subassembly 1.1:  

- Subassembly 2:  

- tarsals and metatarsals 

- Subassembly 3:  

- phalanges 

Figure 10 illustrates the new assembly’s 

arborescent structure, with the respective 

subassembly structure, for better comprehension, 

the first subassembly is colored green, the second is 

colored yellow and the third one, is colored blue. 

Before placing the necessary Skeleton systems, 

and the afferent constraints, we must preserve the 

positions of all the elements by using the “Fix” 

command at all the subassembly levels 1, 2 and 3.  

 

 
Figure 10. Assembly and subassembly structure 

 

The next step consists in creating the Skeleton 

Coordinate systems within the previously created 

joint rotation centers. This method implies creating 

reference systems within both of motion 

components, therefore, for the talocrural joint, it is 

necessary positioning the Skeleton system at both 

Subassembly 1 and Subassembly 1.1 levels, 

followed by constraining with “Coincidence” 

condition their coordinate system origin and 
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transversal axis for overlapping and preserving the 

anatomical position of the foot. The exploded view 

of the subassemblies, before the required update of 

the whole assembly is presented in figure 11. 

 

 
Figure 10. Skeleton systems within the Talocrural 

joint, before update 

 

After updating the assembly, the joint is 

positioned in its orthostatic phase, and by inserting 

and additional angle constraint between the 

transversal planes of the two subassemblies, the 

dorsiflexion and plantarflexion can be control, as 

presented in figure 11. 

 

 
Figure 11. Talocrural motion control 

 

Therefore, at the talocrural level, by changing 

the values of the transversal plane angle, the 

assembly is repositioned in any given value; 

positive values are defining the dorsiflexions, while 

the negative values, the plantarflexions of the ankle. 

In a similar manner, the Skeleton systems are 

being placed at the metatarsophalangeal joint level, 

within subassemblies 2 and 3. The main difference 

is the fact that the orientation of the coordinate 

system axis do not fully overlap the human body 

axis; the transversal axis is being replaced by the 

metatarsophalangeal joint axis. As the previously 

pre-updated model, for a better comprehension of 

the defined constraints, figure 12 illustrates the 

exploded view of subassemblies 2 and 3. 

 

 
Figure 12. Skeleton systems within the 

metatarsophalangeal joints, before update 

 

Furthermore, by adding the angular constraint 

between the two transversal planes within the 

Skeleton systems, we have full control of the 

metatarsophalangeal motion, as illustrated in figure 

13. 

 
Figure 13. Metatarsophalangeal motion control 

 

The main original contribution within this paper 

is consisting in parametrizing the assembly, in such 

manner that all the motions within gait can be easily 

generated, for further comprehension or finite 

analysis purposes. 

The parametrization of the assembly consists in 

creating two parameters, one for each joint motion, 

as following: 

Parameter 1 – named “Ankle_D_P” as an 

acronym for the dorsiflexions and plantarflexions 

within the ankle joint 

Parameter 2 – named MTP, standing for the 

metatarsophalangeal joints, as in figure 14. 
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Figure 14. Parameter generation 

 

Further, the two parameters are linked to the 

previously created angular constraints between the 

subassemblies, as highlighted in figure 15. 

 

 
Figure 15. Setting up the relations between the 

parameters and the angular constraints 

 

After the link set-up is defined, the user can 

reproduce all the three main gait phases positions, 

but also all the intermediate positions, by just 

changing the values of the two parameters. 

The next figures illustrate the automatic 

assembly generation of the three gait phases, as 

following: figure 16 presents the heel-strike 

position, where the foot is flexible and ready to 

shape to the terrain, and the parameter values are 

10° for the Ankle_D_P and 15° for the MTP. 

 
Figure 16. Heel-strike phase 

Figure 17 highlights the mid-stance phase, where 

the foot is in orthostatic position, therefore, both of 

the values of the parameters are 0°. 

 

 
Figure 17. Mid-stance phase 

 

The toe-off phase is presented in figure 18, 

where the foot is stiff, prepared for propulsion, 

having the afferent parameters: Ankle_D_P: 20° 

and MTP: 30°. 

 

 
Figure 18. Toe-off phase 

 

 Follow-upping the further analysis of the 

loading state of the lower limb during gait, the 

assembly can be associated to the Ground Reaction 

Force (GRF) diagram for the whole gait cycle. 

Starting from the previously mentioned diagram, 

which is also illustrated in the next figure, the entire 

gait phases can be correlated to the loading state 

data. 
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As presented in figure 19, within propulsion, the 

forces applied on the foot have a great variation 

range, and could rise up to values of 1.2 x body 

mass (Avramescu, 2003), (Angin and Demirbuken, 

2020).  

 
Figure 19. Ground reaction force distribution during 

gait (Haddas and Ju, 2018) 

 

The biomechanics of running similar, but the 

loadings are more potent and the stances shift at 

faster range, and for jumping, the forces can reach 

up to 9.5 times the GRF - 950% of the body weight. 

(Prajapati and colab., 2011), (Elvin, 2007) 

Another important utility of the parametric 

assembly is that it can also be redesigned for 

specific medical conditions. 

Within this paper, we considered presenting the 

possibility of redesigning the structure for 

generating the gait of the lower limb which is 

affected by a moderate case of Hallux Valgus (HV 

hereinafter) deformity. 

In order to develop the gait particularities of a 

subject with a HV medical condition, the main step 

is to reposition the affected bones within the 

specific conformation, instead of using the 

orthostatic Fix constraint. Due to the fact that the 

assembly is fully parametrized, all the other 

geometric elements (points, axes and Skeleton 

coordinate systems) will retain their links, therefore, 

the assembly will be automatically updated. 

 
Figure 20. Foot with moderate HV condition in mid-

stance phase. 

The HV condition consists in the deviation of 

the first metatarsal and its afferent phalanges. After 

relocating them within their adequate position in the 

orthostatic phase, the assembly is ready to describe 

the gait cycle. Figure 20 illustrates the foot in 

midstance with the respective medical condition, in 

a perpendicularly to the ground surface view. 

 

 
Figure 21. Example of position generated 

automatically through the parametric assembly, of a 

foot affected by a moderate HV condition 

 

In a similar manner to the healthy subject 

assembly, by changing the values of the two 

parameters, we can generate any possible position 

of the lower limb during the gait cycle. As an 

example of the high range of capabilities of the 

parametric assembly, we considered generating the 

one most critical possible position of the lower limb 

based on the data that was previously presented: 

Ankle_D_P: 45° and MTP: 35°, illustrated in figure 

21. 

4 CONCLUDING REMARKS 

The original contributions within this paper 

consists in the separation of the lower limb bone 

system in distinct subassemblies taking into 

consideration the foot bones dynamic and kinematic 

particularities during gait and the parametrized 

model which assures full control over the foot 

motions within the whole gait cycle due to the 
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Skeleton system definition. This developed 

anatomical geometrical and constructive system can 

simulate a high range of foot conditions during gait; 

for example, a simulated pathological condition that 

has also been illustrated within the paper, was 

regarding the gait of patients affected by the Hallux 

Valgus deformity. The developed researches can 

constitute geometrical models, with high usefulness 

within CAE approaches, related to the elaboration 

of surgical interventions or developing personalized 

implants and prosthetics. 
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