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ABSTRACT: This paper aims a biomechanical approach regarding the Hallux Valgus 

pathology, focusing on its parametric and generalized modeling. The first chapter is dedicated 

presenting the motivation and importance of the CAD type engineering approach of the issue, 

while the following chapters are synthetizing the anatomy and biomechanics of the foot 

generally and the Hallux Valgus’ in detail. The establishment of the geometrical elements and 

reference systems are the starting point for the Hallux Valgus parameterized modeling. The 

defined parameters can be further modified, which provides the possibility of the automatic 

modeling of the medical condition, by particularizing the general model. The generated 

geometrical models could be used afterwards in CAE approaches, 3D design of necessary 

surgical procedures or prosthetics design. 
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1 INTRODUCTION  

 Hallux Valgus is a foot medical condition which 

it is characterized by a deformity of the first toe 

joint; more precisely at the first 

metatarsophalangeal joint (1 MTPJ hereinafter). 

This condition is the result of axial deviations and 

rotation of particular foot bones. The research of the 

causes and the most efficient treatment of Hallux 

Valgus (called HV hereinafter) is utterly important, 

due to the symptoms, more than the unsightly 

appearance, even from the early stages of the 

disease, the patients complain about deep pain 

during walking. Moreover, if the condition is left 

untreated it may lead to severe complications with 

unwanted results such as: osteoarthritis, 

subluxations, ulcerations, neuritis etc. 

 The motivation for considering an engineering 

approach utilizing the CAD methods of HV is 

firstly given by the high geometrical complexity of 

the foot bones (Cofaru, 2013). The second reason is 

given by the possibility to utilize created 3D models 

for subsequent analyzes and simulations. This can 

be further done using the finite element analysis 

method. It can be also used to create a variety of 

surgical procedures in virtual manner taking into 

consideration the particularity of every patient and 

choosing the optimal procedure. Such a CAD model 

can be used in physically modeling using additive 

manufacturing technics or to design personalized 

prosthetics.  

 For approaching the 3D design, it is imperative 

to present, in a synthesized manner, the anatomical 

and biomechanical characteristics of the foot, and 

taking a closer look on the particular HV aspects. 

2 ANATOMY AND BIOMECHANICS 

OF HALLUX VALGUS  

2.1 Anatomy and biomechanics of the foot 

 The foot is the terminal part of the human leg, 

having roles in locomotion and support of the 

human body weight, as well as a powerful shock 

absorber during running or jumping.  

 Due to the complexity of the functional role of 

the foot, its anatomical composition is of high 

complexity as well. 

 The foot anatomy consists of 26 bones, 33 joints 

and more than 100 tendons, muscles and ligaments. 

As mentioned before these elements come together 

to achieve a variety of movements and functions 

such as standing and running or shock absorption. 

(Alazzawi & colab., 2017), (Ferner & Staubesand, 

1982). 

 One of the first classification of the foot bones 

divide the food into 3 regions, as represented in 

figure 1, from anterior to posterior: forefoot, 

midfoot and hindfoot (Valmassy, 1996), (Wesker, 

2007). 

 Hindfoot, which starts at the ankle joint and 

stops at the transverse tarsal joint, containing the 

talus and the calcaneus (Wesker, 2007). The talus is 

the most proximal bone of the foot. It is covered in 

hyaline cartilage as it articulates with many other 

bones. The talus articulates with the calcaneus to 

the subtalar joint and to the navicular through the 

talonavicular joint. The talus is also the bone that 
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joints the tibia and the fibula, forming the ankle 

joint. All these joints allow for different movements 

of the foot: up and down, pendulum motion, left and 

right (Figure 1-2) (Pop & colab., 2013). 

 The assembly of the cuboid, navicular and the 

three cuneiform bones, alongside with the 

talonavicular, calcaneocuboid and tarsometatarsal 

joints (TMT hereinafter), form the midfoot (Figure 

1-2), linked to the hindfoot through the Chopart 

joint. The bones within this region are mainly short 

and square-shaped, having the main role of the foot 

steadiness. (Alazzawi & colab., 2017), (Valmassy, 

1996). 

 The forefoot (Figure 1-2) is consisting of 21 

bones, five metatarsals, 14 phalanges and a pair of 

sesamoid bones. The link between the forefoot and 

midfoot is made at the basis of the metatarsal bones, 

through the Lisfranc joint (or TMT). 

 Regarding the phalanges, the first toe (the 

Hallux) is the single one having a pair of phalanges, 

despite the lesser toes, which have three of them. 

There are two joints linking the phalanges: the 

proximal interphalangeal joint (PIP) and the distal 

interphalangeal joint (DIP). (Pop & colab., 2013), 

(Fraissler and colab., 2016). 

 
Fig. 1 Foot partition  

 
Fig. 2 The bones and joints of the foot.  

 For an accurate geometrical approach regarding 

the biomechanical state of the foot during posing 

and walking, data related to the planes and axis of 

the body has to be introduced. There are three main 

planes associated to the human body, mutual 

perpendicular: the sagittal, transversal and frontal 

plane. 

 The bilateral symmetry plane crosses the body 

vertically, dividing it into two parts, symmetrical to 

each other; it will be further referred as the sagittal 

plane. 

 The second plane split the body horizontally, 

into superior and inferior parts (asymmetrical), 

known as the transversal plane.  

 Finally, the last plane separates the body in 

anterior and posterior halves, by cleaving it parallel 

with the forehead; this plane is called frontal. 

 By intersection two by two planes, has as result 

the three axis of the human body, as following: the 

sagittal axis is defined by the intersection of sagittal 

and transversal plane, the transversal plane is made 

by intersecting the transversal and frontal plane, and 

the last axis, the longitudinal one, results by 

intersecting the sagittal and frontal plane. Further, 

to obtain the origin of the main body reference 

system (called MBRS hereinafter), the three 

mentioned axes must be intersected. The three 

planes with their correspondent axes, alongside with 

the MBRS are illustrated in figure 3. 

 
Fig. 3 Planes and axes of the human body  

 By translating and rotating the MBRS, several 

secondary coordinate systems can be defined in any 

area of interest of the human body. 

 From biomechanical point of view, there are six 

fundamental motions of the foot, also known as the 

gross movements of the foot: inversion and 

eversion; abduction and adduction; dorsiflexion and 

plantar-flexion. 

 Due to the high complexity of the foot structure, 

in order to be able to describe correctly its motions, 

the three cardinal planes of the human body must be 

referred to. 

 Within the sagittal plane through the transversal 

axis, dorsiflexion and plantar-flexion occurs (the 

upward-downward motions), while the adduction 

and abduction rotate around the longitudinal axis 

and can be measured on the transversal plane. The 

third and final plane necessary for the motion 

description is the frontal plane – motions such as 

inversion and eversion being established around the 

sagittal axis (Fraissler, 2016). For a better 

comprehension, Figure 4 illustrates the motions in 

the foot and ankle, seen from an isometric view. 
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Fig. 4 Fundamental motions of the foot  

2.2 Relevant anatomy and biomechanics of 

the HV 

 The HV deformity is one of the most common 

Hallux pathologies, with higher rate in elders and 

women. Numerous intrinsic and extrinsic factors 

conjure in the development of the HV as following: 

shoes with low ergonomics, occupational factors, 

heredity, ligamentous laxity, arthritis or overweight. 

 In figure 5 it is shown the relevant anatomical 

elements for HV.   

 
Fig. 5 HV – relevant anatomy. Picture illustrated and 

modified from (Tun, 2019) 

 The bones that are relevant not only in 

evolutions of the HV, but also which are involved in 

the diagnostic process are: Proximal phalanx 1, First 

metatarsal and Second metatarsal. The metatarsal 

bones are posterior articulated with cuneiforms 

bones. 

 Another anatomical element with a major role is 

the muscular system, the Adductor hallucis muscle 

and Abductor hallucis muscle. These muscles have 

insertion points on the Proximal Phalanx through 

tendons. The most important tendon for HV is the 

Peroneus longus tendon. On the first metatarsal 

bone are located the sesamoid bones, attached via 

medial capsule and lateral capsule. 

 In figure 6 it is presented the mechanism of HV 

displacement from a biomechanical point of view. 

 Under the tension of the abductor hallucis 

muscle, the first metatarsal is being deviated in a 

medial plane. Following this deviation, the 2 

sesamoid bones suffer as well a displacement and at 

last a subluxation. 

 This is a chain reaction that will amplify a 

muscular imbalance in the joint and tendon loads. 

Meanwhile, the Adductor hallucis muscle, which as 

seen in figure 5, inserts on the Proximal Phalanx 1, 

as well as Flexor hallucis longus and Extensor 

hallucis longus, represented in figure 6, will exceed 

their tension creating a later deviation of the first 

Proximal Phalanx. 

 
Fig. 6 Biomechanics of the HV (Duo, 2013) 

 The three biomechanical displacements which 

cause the HV deformity are illustrated in figure 7: 

the first displacement is the abduction A which 

occurs in the proximal phalanx great toe, followed 

by an outer rotation B of it. The third displacement 

is the adduction C of the first metatarsal. 

 
Fig. 7 The three biomechanics displacements which cause 

the HV deformity (Pop & colab., 2013)  
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2.2.1 Geometrical aspects of the HV 

 A good assessment of the deformity requires 

certain anatomical knowledge regarding two main 

angles, with which the severity of the medical 

condition will be established. The first important 

angle is the intermetatarsophalangeal angle (IMA 

hereinafter), measured between the longitudinal axis 

extensions of the first two metatarsals. Normal 

subjects should have values less than 10° for this 

specific angle. The second angle, the Hallux Valgus 

Angle (HVA hereinafter), is defined by two axes, 

both displaced longitudinal: the proximal hallux 

axis and the afferent metatarsal axis; having the 

normal range up to 15°. Increased values of both of 

these angles denote the fact that a HV deformity is 

present (Bryant and colab., 2000). The normal 

values of the HVA and the IMA are illustrated in 

figure 8. 

 
Fig. 8 Normal values of the HVA and IMA. 

2.2.2 Hallux Valgus classification 

 Due to the fact that the HV deformity has its 

roots in a weak 1 MTPJ, the severity of the 

condition must be classified accordingly to the two 

main angles that define it: the HVA and IMA. 

Firstly, regarding the HVA, as previously 

mentioned, the normal angulation range from 8-20° 

and increased values should alert the presence of a 

condition. Angulation between 20-30° is considered 

to be a Congruous HV, caused by a lateral 

displacement of the distal metatarsal articular 

surface. In this case, the joint surfaces remain in 

opposition, without any progress of the deformity. 

 The more severe medical conditions are when 

the joint is subluxed (non congruent joint), for 

angulation over 30°. In this case, the surfaces of the 

joint are no longer congruous and this type of 

displacement is considered to be a pathological HV, 

which could range the angulation up to 60°. 

(Magee, 2002) 

 The second angle by which the deformity is 

classified is the IMA. In this case, condition range 

from normal, mild, moderate and finally, severe, as 

following (Condon and colab. 2002): 

 Normal <10° 

 Mild 10-11° 

 Moderate 11-16° 

 Severe >16° 

 By centralizing the two sources, a final 

classification of the condition is presented in the 

table 1: 
Table 1. Pathological types of hallux deviations. 

Deformity level HVA degree IMA degree 

Mild (10a) <20 <11 

Moderate (10b) 20-30 11-16 

Severe (10c) >30 >16 

 Figure 9 illustrates the three possible conditions 

of the positioning. 

 
Fig. 9 Mild, moderate and severe condition of the 

HV. 
 Concluding the presentation of the relevant 

anatomical structures and the geometrical and 

biomechanical considerations, in the next chapter 

will be presented the 3D modeling of HV. 

3 PARAMETRIC DESIGN OF THE 

FOOT ASSEMBLY 

 Due to the fact that our aim was to achieve a full 

parametric model of the human foot, necessary for 

our further work regarding the study of numerous 

types of HV axial deviation, we debuted from a 

tridimensional model of the foot, previously 

purchased from the Zygote Company, one of the 

biggest suppliers in this specific field. The 

following picture (figure 10) illustrates the initial 

structure of the assembly, without any dimensional 

constraints, alongside with the principal coordinate 

system (the projection of the MBRS on the ground 

surface). The highlighted bones indicate the fact 

that additional further modifications will occur 

within them. 



ACADEMIC JOURNAL OF MANUFACTURING ENGINEERING, VOL. 18, ISSUE 4/2020 

39 

 For the following bones: first and second 

metatarsal, proximal and distal phalanx and medial 

cuneiform, specific characteristic geometric 

elements must be established in order to be able to 

create the parametric assembly. In this regard, 

certain points and axes must be determined. 

 
Fig. 10 Initial state of the foot assembly, alongside 

with the Ground Coordinate System (Gcs) 

 The first set up of the geometric elements was 

done within the first proximal phalanx by 

considering the initial contact points on the 

articulation surfaces (OPp1 and OPp2), on the 

symmetry axis of the bone. Once the two points 

were placed, one on each proximal phalanx head, 

the longitudinal axis of the bone could be drawn 

(OPp1-OPp2), as illustrated in figure 11: 

 
Fig. 11 Specific geometric elements description of the 

first Proximal phalanx 

 The second bone from the foot structure, on 

which were established the geometrical elements, 

was the first metatarsal. The procedure was similar, 

the OFmt1 and OFmt2 points were placed on both 

of its joint surfaces, describing its longitudinal axis, 

as presented in figure 12. 

 
Fig. 12 Specific geometric elements description of the 

first metatarsal 

 The final bone which requires as geometrical 

elements two points of definition and an axis is the 

2nd metatarsal. The methodology was identical to 

the 1st metatarsal, and the longitudinal axis 

resulted, alongside with the contact points (OSmt1 

and OSmt2) are illustrated in figure 13. 

 
Fig. 13 Specific geometric elements description of the 

second metatarsal 

 These lines will be further used to define the 

angular displacements of the HV deformity. 
 Finally, regarding the contact points, the medial 

cuneiform and the distal phalanx required a single 

contact point on the articular surface, for the further 

joint assembly with the 1st metatarsal and distal 

phalanx respectively. The two bones with their 

specific geometries (OMc and ODp) are presented 

in figures 14 and 15. 

 
Fig. 14 Contact point on the articular surface via the 

Distal phalanx 

 
Fig. 15 Contact point on the articular surface via the 

Medial cuneiform 

 Taking into consideration the previous statement 

regarding our aim in obtaining a fully parametric 

model of the foot, we suggest approaching the issue 

by using the Skeleton-based Generative Modeling 

Method. This specific method will allow us to 

replicate the previously mentioned displacements 

that imply the HV deformity.  

 The workflow procedure for creating Skeleton-

based assemblies requires placing a coordinate 

system on each point which is linked to a specific 

motion, thus, there were placed Skeleton systems in 
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the following points: OPp1, OPp2, OFmt1, OFtmt2, 

ODp and OMc. The orientation of the reference 

systems are parallel to the Ground coordinate 

system (Gcs hereinafter) which was previously 

referred to.  

 

 
Fig. 16 Skeleton system and axis projection of the first 

metatarsal 

 

 
Fig. 17 Skeleton system and axis projection of the 

second metatarsal 

 Due to the fact that the two main angles which 

describe the HV medical condition are measured on 

a 2-dimension system via an Antero-Posterior 

radiograph (AP x-ray), the resulting longitudinal 

bone axes must be projected on the Gcs. Figures 16, 

17 and 18 are illustrating the placements of the 

Skeleton systems, alongside with the axis projection 

on the Gcs for the first and second metatarsal and 

the proximal phalanx 

 

 

 
Fig. 18 Skeleton system and axis projection of the 

proximal phalanx 

 Once the specific axes and their respective 

projections are created, we consider assembling the 

bones in the complete foot assembly. The 

constraints for the initial positioning of the bones 

were considered in such a manner that later changes 

could be done in a facile way. Thus, after placing 

the bones in the suitable positions, we considered 

them as “Fixed”, apart from the two phalanxes of 

the Hallux and the first metatarsal. Due to the fact 

that the HV deformity occurs with deviations within 

those bones, we considered constraining them as 

following: The OFmt1 coordinate system origin 

created on the first metatarsal head was overlaid 

onto the lateral cuneiform correspondent, as well as 

the coincidence between the Z-axis of both, 

therefore allowing just the rotation of the first 

metatarsal around the Z-axis, in the XoY plane, as 

illustrated in figure 19. This motion is to describe 

the adduction of the first metatarsal, the first 

element of the HV displacement. 
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Fig. 19 Skeleton system overlaying and creating 

constraints between them (OFmt1 and OMc) 

 The following positioning is of the proximal 

phalanx, linked to the first metatarsal, in order to 

recreate the assembly as close as possible to the 

anatomical condition; we had to describe a sliding 

rotation of the proximal phalanx on the metatarsal 

head. For achieving this particular motion. it was 

mandatory to define the contact area, by describing 

a circle on the metatarsal head, an exact replica of 

its geometry, as illustrated in figure 20. 

 
Fig. 20 Description of the proximal phalanx gliding on 

the first metatarsal’s head 

 Furthermore, by constraining a coincidence 

condition regarding the center of the described 

circle, we were able to simulate the glide movement 

of the first phalanx, relatively to the 1st metatarsal 

head. Thus, the motion in this joint, which 

reproduces the abduction of the first phalanx, is 

defined by the angular displacement between the 

longitudinal axis of the proximal phalanx and 

metatarsal, around the Z-axis as well, in the XoY 

plane. Beside this motion, in this specific joint, 

there is a second angular constraint, regarding the 

outer rotation of the metatarsal. This rotation was 

defined by considering the coincidence between the 

two overlaid coordinate system origins of the two 

bones; alongside with the coincidence of the Y-axis, 

therefore, this rotation occurs in the XoZ plane, 

around the previously mentioned axis. 

The final version of the fully constrained 

assembly is illustrated in figure 21, displaying the 

Skeleton systems within which we considered the 

contact point of the joint, alongside with the 

longitudinal axes of the bones (dashed line) and the 

projection on the Gcs (blue). 

 
Fig. 21 Complete foot assembly linked to the Gcs 

 Afterwards, for further facile edit, in order to 

minimize the work, we considered a high interest in 

converting the values into parameters, thus, we 

defined three parameters: HVA, IMA and ORA and 

linked the values to them. The parameter definition 

grants the advantage of generating a spreadsheet 

document (Microsoft excel), linked to the assembly, 

where by simply introducing values in it, enables 

the automatic interchange of the assembly 

respectively to the new values. In the next image 

(figure 22) are presented the three parameters 

alongside with their links to the assembly. 

 
Fig. 22 Parameter definition and their specific links to 

the angular constraints 

 As previously mentioned, due to the fact that the 

examination of the HV is done by using an AP x-

ray, for the better accuracy of the assembly, the 

HVA and IMA will be defined within the 

projections of the bone’s longitudinal axis. 

 The first set of values, considered for the 

parameters, were chosen in order to design a 

healthy subject model: HVA: 15°; IMA: 10° and 
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outer rotation angle: 0° (figure 23), but furthermore, 

just by introducing values in the spreadsheet 

document, we were able to reproduce a HV medical 

condition. 

 
Fig. 23 Parameter definition for the healthy subject 

 The parameters were set up as following, 

accordingly to specific subject; by extracting the 

data from a patient’s right foot X-ray: 
- HVA – 35° 
- IMA – 15° 
- ORA – 8° 
 The first column of the table represents the 

initial values while the highlighted ones are the first 

medical condition previously presented. Table 2 is 

extracted from the linked spreadsheet. 
Table 2 Spreadsheet data extraction 

HVA (deg) 10  35 

ORA (deg)  0  8 

IMA (deg)  15  20 

 After saving the spreadsheet document, the Catia 

software will request which line of parameters 
should be chosen for assembly generation, (as 

presented in figure 24) and after the parameter 

selection, the software will update automatically 

with the new conditions. 

 
Fig. 24 Parameter selection linked to the data 

spreadsheet 

 The following picture (figure 25) is illustrating 

the updated state of the foot assembly, where the 

structure is set up figuring the specified values of 

the parameters. 

 
Fig. 25 Updated foot assembly with the selected 

parameter set 

4 CONCLUDING REMARKS 

 The present paper provides important 

contributions in terms of the CAD modeling of the 

HV deformity. Taking into consideration the 

complexity and structure diversity of this medical 

condition, designing the virtual 3D models is 

extremely useful in the good comprehension of the 

anatomy, kinematics and biomechanics of the HV.  

 The parametric and generalized 3D design of the 

HV creates significant premises regarding further 

research development especially in certain 

directions, as the 3D design of the HV during gait; 
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design of the potential deformations of the foot’s 

bones or modeling and virtual simulation of the 

corrective HV surgical procedures.  

 By using the designed 3D assemblies, plenty of 

simulations and analyses can be created, by 

applying the Finite Element Method. Another 

possible research direction is regarding the 

specialized prosthetics design for the condition 

correction, without surgical procedures.  
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