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ABSTRACT: 

Background: Total hip arthroplasty (THA) is a highly effective procedure for relieving pain and restoring mobility in 

patients with advanced hip disease, but implant longevity remains influenced by alignment accuracy, bone quality, joint 

loading, soft-tissue balance, wear, instability, and patient-specific anatomical variation. Conventional implant 

positioning strategies often rely on generalized alignment targets and static radiographic parameters, which may not 

fully account for differences in femoral offset, acetabular version, pelvic tilt, spinopelvic mobility, gait mechanics, and 

functional activity. Patient-specific biomechanical modeling offers a precision-based approach for optimizing implant 

alignment by integrating imaging-based reconstruction, finite element analysis, musculoskeletal simulation, wear 

prediction, and functional assessment of hip-spine mechanics. These models can support individualized prediction of 

stress distribution, implant fixation, impingement risk, joint loading, edge loading, and postoperative instability. 

Robotic-assisted surgery, navigation-guided systems, artificial intelligence, digital twins, and three-dimensional printing 

may further enhance the translation of computational planning into surgical execution. This review discusses the 

biomechanical principles, modeling techniques, clinical applications, limitations, and future directions of patient-

specific biomechanical modeling in THA. Although broader clinical adoption requires standardized workflows, 

prospective validation, cost-effectiveness analysis, and long-term outcome data, individualized biomechanical planning 

may improve implant positioning, reduce mechanical complications, and support more durable precision arthroplasty. 
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INTRODUCTION 

The procedure of total hip arthroplasty (THA) is one of the best surgical techniques to relieve pain, restore function, and 

improve the quality of life in patients with a highly symptomatic hip disease, such as advanced degenerative, 

inflammatory, traumatic, and deformity-related hip disease. The technique has undergone significant changes as the 

materials used for the implants have improved, as have the bearing surfaces, fixation, peri-operative treatment, and the 

surgical technique. In spite of these developments, the long-term success of implants still relies on the combination of 

the implant design, host anatomy, implant alignment strategy, bone quality, soft-tissue balance, and loading. However, 

longevity of the implant is not only dependent on the properties of the material, but also on how the reconstructed hip 

has to cope with the forces when standing, walking, climbing stairs, and carrying out other normal activities. Modern 

selection of materials is thus closely associated with function, biomechanical compatibility, wear resistance, and fixation 

stability, as well as patient-specific functional requirements [1]. 

A key factor in the success and survival of a THA is implant alignment. Malposition of the acetabular or femoral 

component may change hip biomechanics, cause impingement, decrease range of motion, enhance the wear of the 

bearing surfaces, impair the function of the hip abductors, and increase the likelihood of hip instability or revision 

surgery. Previous methods have been based on the use of generic alignment goals, such as a predetermined range of 

acetabular inclination and anteversion. These strategies may be helpful for technical advice, but do not consider the 

variation in pelvic orientation, femoral morphology, spinal mobility, and dynamic change of posture within the 

individual. Recent publications have stressed the need to assess acetabular position in the context of the entire functional 

anatomy instead of focusing solely on the radiographic imaging [2]. 

Patient-specific planning has become a more important approach as no two hips are exactly alike. The postoperative 

mechanics can be significantly altered by variations in some of the following factors: anteversion of the femur, version 

of the acetabulum, pelvic tilt, limb length, femoral offset, bone stock, and muscle function. Patient-specific orthopaedic 

solutions aim to position implants in a patient’s body with respect to the patient's anatomy and functional needs rather 
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than to fit a variety of patients with a similar implant positioning. It is especially applicable in developmental dysplasia, 

post-traumatic deformity, abnormal version of the femur, severe osteoarthritis, revision surgery, and complex 

arthroplasty [3]. 

Biomechanical modeling is a technique that can be used to convert anatomical and functional variability to clinically 

relevant planning information. The prediction of implant position effects on stress distribution, range of motion, 

fixation, wear, and risk of implant instability can be achieved by the use of imaging-based 3D reconstruction, finite 

element analysis, musculoskeletal simulation, gait-informed load estimation, and computational impingement analysis. 

The osteoarthritis itself leads to a number of compensatory biomechanical adaptations related to joint loading, gait 

asymmetry, muscle activation, and movement strategy, which could remain or develop following surgery. Patient-

specific loading might provide a more effective ability to predict postoperative mechanical response [4] if these patterns 

are considered in planning the THA. 

Further, with the development of technology, the potential of individualized biomechanical planning has increased. The 

three-dimensional printing, the custom manufacture of implants, the porous structures, and the concepts of regenerative 

implants have opened up new possibilities for the individual adaptation of implant geometry, surface architecture, and 

osseointegration potential to the individual anatomy [5]. The aim of positioning the implants personally has also been 

suggested to restore native joint kinematics closer to the mean values for the population than to the mechanical 

alignment methods, especially if the native joint kinematics does not match the population average [7]. These advances 

indicate a shift in the approach to planning THA from a parts-based approach to a biomechanical, patient-based 

approach. 

Postoperative instability continues to be an important clinical issue, and its influence is related to component orientation, 

soft-tissue tension, surgical approach, head size, neuromusculature status, and patient-specific anatomy. Dislocation 

prevention is not just about an acceptable implant position but also about evaluating hip function after a hip 

reconstruction in the normal range of function and in the various postures [6]. The spinopelvic mechanics are 

particularly important as they can have a significant influence on the functional orientation of the pelvis in standing, 

sitting, and movement, which can affect the orientation of the cups. Therefore, patients with spinal deformity, fusion, 

sagittal imbalance, or limited spinopelvic mobility may need to have individualized implant targets to minimize the 

impingement and instability risk [8]. 

The recent concept of personalized arthroplasty is a justification for the use of the concept of personalized alignment, as 

well as implant selection and the execution of the surgery [9] to ensure better function and durability. This approach 

raises the question of whether the standardized positioning objectives are best for every patient and focuses on the 

elements of anatomy, biomechanics, activity demands, and functional goals [10]. In this context, patient-specific 

biomechanical modelling can be used as a link between pre-operative imaging, computational prediction, intra-operative 

execution, and implant performance in the long-term. In this review, we will explore how patient-specific biomechanical 

modeling can be used to optimize implant alignment and improve long-term implant survival in THA, highlighting the 

significance of variations in the anatomy, imaging reconstruction, finite element modeling, musculoskeletal simulation, 

spinopelvic mechanics, implant wear, TARS, clinical validation, and the future direction of patient-specific 

biomechanical modeling in THA. 

 

Objectives of the review: 

1. To evaluate the role of patient-specific biomechanical modeling in optimizing implant alignment in total hip 

arthroplasty.  

2. To examine how anatomical variability, spinopelvic mobility, and joint loading influence implant stability and 

longevity.  

3. To review current and emerging technologies that support personalized planning, simulation, and execution in total 

hip arthroplasty.  

 

2. Biomechanical Principles of Total Hip Arthroplasty 

Total hip arthroplasty (THA) aims to achieve a stable, mobile, and load-distributing reconstruction that will restore hip 

function as best as possible without creating undue stresses at the bone–implant interface. The coordinated relationship 

between the center of the femoral head, the orientation of the acetabulum, the femoral offset, the abductor lever arm, the 

length of the limb, capsuloligamentous restraint, and the dynamic action of the muscles is essential for a normal hip 

[11]. This can affect joint reaction forces, efficiency of gaiting, the tension of soft tissue, and affect implant stability. 

Anatomic restoration cannot be limited only to replacing damaged articular surfaces; it must be the mechanical 

environment that controls hip motion and load transfer that is restored [12]. 

The femoral offset is of great importance and is responsible for the abductor tension, hip stability, range of motion, and 

biomechanics of the limb. Failure to restore the offset adequately can have a negative effect on the abductor lever arm, 

create an increased limp, decrease soft-tissue tension, and increase the risk of instability. A large offset can result in an 

increase in trochanteric pain, soft tissue stretching, and implant loading. Therefore, offset planning must take into 

account stability, function, and patient-specific anatomy, not just targets for reconstruction in the general case of [11]. 

The alignment of the implants can also influence impingement-free motion and risk of implant dislocation. A narrow 

functional safe arc of motion, caused by component malposition, soft-tissue tension, and/or changes in the version of the 

femur and/or the restoration of the hip center, may predispose to instability after THA [13]. Patient-specific joint 

mechanics are tried to be restored by the use of personalized alignment concepts, which attempt to align components 

according to native joint orientation and anatomy, and also take into account the function and kinematics of the joints 
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[7]. The principles of biomechanics are the basis for patient-specific modelling in THA. The major biomechanical goals 

of THA are to align the implant, restore the hip mechanics, and return the offset to normal (Figure 1). 

 

 
Figure 1. Biomechanical objectives of total hip arthroplasty: implant alignment, native hip mechanics, and 

femoral offset 

 

3. Limitations of Conventional Implant Alignment Strategies 

Traditionally, the positioning of the implant in THA has relied on the surgeon's visual estimation, mechanical guidance, 

anatomic landmarks, intraoperative judgement, as well as postoperative radiographic evaluation. Though these 

techniques are still commonly employed and, under the experienced hands, may yield accurate results, each of these 

factors can lead to a lack of accuracy: the positioning of the patient, the movement of the pelvis during surgery, 

exposure of soft tissue, obesity, anatomical deformity, and a surgeon's interpretation of the accuracy of the 

measurement. Manual techniques are also reliant on precise identification of the landmarks during surgery, which can be 

distorted when patients have dysplasia, osteophytes, previous surgery, severe osteoarthritis, or atypical pelvic shape 

[16]. 

One of the drawbacks of traditional alignment is that they use static acetabular cup targets. The traditional safe zone 

concepts give very general recommendations for cup inclination and anteversion and do not necessarily represent the 

functional orientation of the pelvis in standing, sitting, and during gait. A cup that looks good on a supine radiograph 

may not work as well in weight-bearing or if the patient has modified mobility at the spine-pelvic junction. Modern 

presentations thus stress the use of functional anatomy, pelvic tilt, femoral version, impingement risk, and stability 

requirements of the patient in the positioning of the acetabulum [2] instead of relying on the use of generalised angular 

values. 

Technological comparisons also show that the manual alignment can only measure them to a certain extent. These 

include robot-assisted, computer-navigated, augmented reality-guided, patient-specific instrumentation and 

accelerometer-based systems that have been studied to increase the consistency of component placement and decrease 

outliers from the conventional systems [15]. Imageless navigation has also been suggested as a way of optimizing the 

placement of the acetabular component without having to utilize computed tomography in the preoperative planning 

phase, with issues of cost, workflow, registration accuracy, and learning curve also posing significant challenges [17]. 

The above restrictions justify patient-specific biomechanical modelling to help align beyond traditional static targets. As 

shown in Figure 2, conventional implant alignment has some restrictions, and the reason for the use of patient-specific 

biomechanical modeling is. 

 

 
Figure 2. Limitations of conventional implant alignment and rationale for patient-specific biomechanical 

modeling in total hip arthroplasty 
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4. Patient-Specific Anatomical Variability in THA Planning 

In total hip arthroplasty (THA), anatomical variability of the patient is one of the most important factors that affects 

implant positioning, mechanical reconstruction, and implant performance [18]. Traditional templates offer good 

approximations of the size of components, femoral offset, limb length, level of neck resection, and center of rotation, but 

today, more and more THA planning relies on three-dimensional analysis of the pelvis and femur. The depth of the 

acetabulum, the version, the geometry of the canal, the femoral offset, the presence or absence of a limb-length 

discrepancy, and the bone stock are all factors that can significantly influence implant selection and alignment. In the 

modern era, the approach to templating has moved away from just radiographic sizing and has become a more 

comprehensive process that takes into consideration anatomic variations, digital imaging, deformity correction, and 

intra-operative execution [19]. 

The clinical application of individualized anatomy in Robotic-assisted THA encompasses patient-specific imaging, 

component sizing, acetabular orientation, and intraoperative registration. This can enhance reproducibility but comes 

with the need to be cautious with exposure, identifying landmarks, registration, and how a virtual plan translates to the 

surgical field, as well as the limitations of this approach [20]. Developmental dysplasia, previous trauma, excessive 

osteophyte growth, and abnormal femoral version are all examples of abnormal anatomy that are particularly important 

when patient-specific planning is required. 

Anatomical and functional variability of the hip–spine relationship is another. The functional acetabular orientation in 

static alignment during standing vs. sitting may differ due to pelvic tilt, lumbar stiffness, sagittal imbalance, and/or 

spinal fusion and may lead to impingement or instability if not adjusted for the particular position in question [21]. 

Advances in imaging can assist in the evaluation of spinopelvic mechanics, pelvic mobility, and risk of pelvic instability 

prior to surgery to aid in personalized THA [22]. All these reasons make patient-specific biomechanical modeling a 

valuable method for implant alignment for each patient. Table 1 lists some of the biomechanical and anatomical 

characteristics that will affect the alignment of implants in THA. 

 

Table 1. Biomechanical and Anatomical Factors Influencing Implant Alignment in Total Hip Arthroplasty 

Factor 
Relevance to THA 

Planning 

Biomechanical 

Implication 

Modeling/Application 

Focus 
Reference 

Femoral 

offset 

Guides restoration 

of the abductor 

lever arm and soft-

tissue tension 

Inadequate offset may 

reduce stability and gait 

efficiency 

Offset reconstruction 

and implant selection 
[11] 

Native hip 

anatomy 

Defines acetabular 

orientation, 

femoral geometry, 

and hip center 

Altered anatomy affects 

load transfer and range of 

motion 

Anatomical 

reconstruction and 

alignment planning 

[12] 

Instability 

risk 

Influences cup 

position, femoral 

version, and soft-

tissue balancing 

Malposition may increase 

impingement and 

dislocation 

Stability assessment 

and functional safe arc 

prediction 

[13] 

Personalized 

kinematics 

Supports implant 

positioning based 

on patient-specific 

motion 

Restores function beyond 

standardized mechanical 

targets 

Kinematic alignment 

and individualized 

reconstruction 

[14] 

Hip-spine 

relationship 

Determines 

functional 

acetabular 

orientation during 

posture change 

Abnormal pelvic mobility 

may increase impingement 

risk 

Standing-sitting 

assessment and cup 

target adjustment 

[37] 

 

 

5. Imaging-Based Reconstruction for Biomechanical Modeling 

Patient-specific biomechanical modeling is fundamental for total hip arthroplasty (THA), and imaging-based 

reconstruction plays a vital role in it. While two-dimensional radiographs are important for diagnosing and templating a 

hip, they are of limited value when it comes to defining complex pelvic morphology, the version of the femur, the 

orientation of the acetabulum, bone defects, and three-dimensional deformity. Individualised implant sizing, orientation, 

and prediction of bony impingement are aided by three-dimensional (3D) reconstruction, which can be obtained from 

computed tomography (CT). Changes in the preparation and in real-time navigation during surgery are particularly 

important for accurate acetabular positioning and reconstruction of hip mechanics, and are increasingly using CT-based 

planning [23]. 

In hip and pelvic surgery, imaging reconstruction has been further expanded in the clinic by three-dimensional printing 

technology. The segmented imaging data can be transformed into physical models that help in understanding the 

complex anatomy, planning osteotomies, assessing bone loss, creating custom guides, and rehearsing technical and 

complex procedures. These applications are especially beneficial in revision THA, pelvic discontinuity, acetabular 
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defects, dysplasia, tumor reconstruction, and complex deformity, in which it may be difficult to interpret the radiographs 

alone [24]. 

The accurate imaging reconstruction is also important for individual prosthesis design. Recent developments in the 

materials used to manufacture the three-dimensional-printed bone prostheses have enabled the use of customized 

implant geometry, porous structures, and more favorable integration potential of the implants into the bone, which has 

made it possible to achieve anatomical reconstruction in conjunction with biomechanical compatibility [25]. Three-

dimensional planning allows for better interpretation of the inclination of the cup, anteversion, pelvic tilt, and functional 

orientation than does the use of static radiographic targets for acetabular alignment [2]. Imaging-based reconstruction is 

thus an anatomical basis for patient-specific simulation, navigation, and implant optimization in THA. The patient 

imaging, 3D reconstruction, implant planning, biomechanical modeling, and optimized alignment stages of the 

workflow are shown in Figure 3 as a sequence of imaging. The imaging-based workflow of patient imaging, 3D 

reconstruction, implant planning, biomechanical modeling, and optimized alignment is shown in Figure 3 as a sequence 

of imaging. 

 
Figure 3. Imaging-based reconstruction workflow for patient-specific implant planning and biomechanical 

modeling in total hip arthroplasty 

 

6. Finite Element Modeling for Implant Fixation and Bone Remodeling 

The finite element method (FEM) is an important computational method that has been used in the field of total hip 

arthroplasty (THA) to assess fixation, stress transfer, and bone remodeling. FEA can approximate the distribution of 

forces within the patient-specific anatomical structures (femoral stem, acetabular cup, cement mantle, cortical bone, 

cancellous bone, and anatomical interfaces) by converting patient-specific anatomical data into numerical models. The 

simulations are especially relevant as these parameters - the success of the primary stability, avoidance of excessive 

micromotion, abnormal stress concentration, and progressive periprosthetic bone loss - are important factors in the 

survival of the implants. One of the major issues to be considered is stress shielding, which can lead to an underloading 

of the proximal femur, adaptive bone remodeling with loss of bone mass, and late failure (loosening or periprosthetic 

fracture) [27]. 

FE methods are also helpful in assessing the biomaterials and implant design before clinical use. In the virtual testing of 

mechanical properties, the stiffness, geometry of the surface, porous architecture, stem length, fixation method, and 

bearing properties can be tested under various loading cases. These models can be applied to the comparison of metals, 

ceramics, polymers, composites, coatings, as well as porous structures in terms of fatigue behaviour, wear resistance, 

stress distribution, and potential for osseointegration [28]. 

The design optimization of man-made hip prostheses has more and more relied on computational evaluation, rather than 

just empirical geometry. Finite element analysis can be used to locate high stress areas, to profile the implant to transfer 

load to the bone, and to predict the region of the body to which the load is transferred, and to modify the stem shape, 

neck geometry, cup thickness, and area of fixation. Such models can also include tissue differentiation and bone 

remodeling algorithms to model the bioadaptation of orthopedic implants over time [30]. Patient-specific finite element 

modelling is thus a mechanism-based aid to better align, fix, and sustain implants in the long term while improving THA 

survivability. 

 

7. Musculoskeletal Modeling and Joint Loading Prediction 

After total hip arthroplasty (THA), patient-specific biomechanical analysis is a useful tool for estimating hip joint 

forces, muscle activation patterns, and loading during movement; musculoskeletal modeling is a functional extension of 

patient-specific biomechanical analysis. The performance of an implant is not only dependent on the static alignment but 

also on the dynamic forces that are created during walking, walking up/down stairs, sit-to-stand motion, and other 

normal daily activities. Re-establishing femoral offset is a key part of this process as it impacts the abductor lever arm, 

soft-tissue tension, hip stability, and magnitude of joint reaction forces. Failure to restore the offset properly can cause a 

decrease in the abductor efficiency and gait disturbances, while too much offset can cause higher soft-tissue strain and 

mechanical load on the implant-bone interface [31]. 
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Patients who are undergoing THA will typically have compensatory movement patterns that occur in their bodies before 

the surgery due to pain, stiffness, weakness, and changes in body loading. Biomechanical changes that can occur in 

unilateral hip OA include asymmetric gait, altered hip moments, compensatory trunk motion, decreased walking speed, 

decreased knee loading, and contralateral leg loading [32]. These adaptations can take several weeks after surgery and 

should be taken into account when predicting the loading of implants and rehabilitation needs after surgery. 

In routine clinical practice, it is not possible to measure the forces acting inside the joints. These internal joint forces can 

be estimated by musculoskeletal models modeled by multibody dynamics. These models include patient-specific 

kinematics, ground reaction forces, muscle geometry, joint constraints, and segmental mechanics to simulate gait and 

quantify hip loading under patient-specific conditions [33]. In silico simulations can also be used to aid treatment 

planning and determine how modifications to the implant position, muscle function, rehabilitation program, and/or 

movement pattern would alter the postoperative mechanics [34]. By making the connection between implant alignment 

and functional loading and patient-specific movement behavior, musculoskeletal modeling is able to complement the 

finite element analysis approach. Table 2 provides a summary of different imaging, reconstruction, and computational 

modeling techniques employed for patient-specific THA planning. 

 

Table 2. Imaging, Reconstruction, and Computational Modeling Approaches in Patient-Specific THA 

Approach Input Data Main Function Clinical Value Reference 

Modern 

templating 

Digital radiographs and 

three-dimensional planning 

data 

Estimates implant size, 

offset, limb length, and 

center of rotation 

Improves 

preoperative 

planning accuracy 

[19] 

Computed 

tomography-

based planning 

CT images of the pelvis 

and femur 

Enables three-

dimensional 

reconstruction and 

navigation 

Improves assessment 

of acetabular 

orientation and bony 

anatomy 

[25] 

Three-

dimensional 

printing 

Segmented imaging 

datasets 

Produces anatomical 

models, guides, and 

custom implants 

Supports complex 

reconstruction and 

surgical preparation 

[23] 

Finite element 

analysis 

Patient-specific geometry, 

material properties, and 

loading data 

Simulates stress, strain, 

micromotion, and 

fixation behavior 

Predicts stress 

shielding and 

loosening risk 

[27] 

Musculoskeletal 

modeling 

Gait data, joint kinematics, 

muscle geometry, and 

ground reaction forces 

Estimates joint forces 

and muscle activation 

Links implant 

alignment with 

dynamic loading 

[33] 

 

 

8. Spinopelvic Mobility and Functional Implant Positioning 

The orientation of the functional implant is one of the most important factors in total hip arthroplasty (THA) and 

depends on spinopelvic mobility. Though the position of the acetabulum is usually determined by using static 

radiographic parameters, during standing, sitting, bending, and gait, the functional position of the acetabulum will vary 

as a function of pelvic tilt. The normal transition from standing to sitting position requires posterior pelvic tilt, an 

increase in the functional acetabular anteversion, and hip flexion accommodation. Impaired or excessive motion of the 

spine and pelvis may disrupt this adaptive process and predispose the prosthetic hip to impingement, edge loading, 

instability, or dislocation [35]. 

Patients who have spinal stiffness, sagittal imbalance, previous spinal fusion, degenerative lumbar disease, and the 

interaction between the lumbar spine, pelvis, and hip are particularly relevant. Decreased lumbar mobility may reduce 

pelvic compensation during postural changes, resulting in more motion occurring in the hip joint, which could lead to 

either the front or back of the hip impinging on the acetabulum, depending on the orientation of the hip components and 

activity position. Both hip and spine surgeons should be aware of these findings, as aligning the spine may affect 

mechanical behavior in hip surgery, and vice versa [36]. 

More recently, hip-spine classification systems, lateral radiographs of the hip and pelvis in the standing posture, and 

pelvic incidence, sacral slope, lumbar lordosis, and functional pelvic tilt are incorporated into practical THA planning. 

These parameters can help to identify patients who might need modified cup targets, instead of standard cup targets 

[37]. Instability in primary THA is especially relevant in that components can look reasonable on routine imaging, but 

become unstable [38]. These dynamic variables can be incorporated into patient-specific biomechanical modelling to aid 

in the optimal positioning of the implant with respect to its function and to minimize instability risk. 

 

9. Wear, Impingement, and Edge Loading Prediction 

Mechanical mechanisms of implant malposition and poor implant biomechanics that can adversely affect the long-term 

survival of total hip arthroplasty (THA) are significant, including wear, impingement, and edge loading. Despite all the 

advances in modern hip replacement, the relationship between the orientation of the implant in the pelvis, patient 

motion, joint loading, and material performance remains a key factor in influencing implant durability. Malalignment 

can limit the range of motion without impingement, lead to higher contact pressures, and cause more mechanical 

damage at the implant-bone interface or bearing surface [39]. 

The characteristics of bearings, lubrication, surface roughness, size of the heads, inclination of the cups, activity, and 

direction of loading significantly affect wear behavior. Each type of bearing (polyethylene, ceramic, and metal) has 
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different performance characteristics, and excessive loading of the bearing can cause wear particles to generate, which 

can cause osteolysis, inflammatory reaction, loosening, and revision risk. The selection of materials is not only 

dependent upon the positioning of the implant, but also on the contact mechanics involved, as even the most highly 

developed materials can fail in abnormal contact mechanics [40]. 

The high-level wear testing indicates that under certain mechanical conditions (such as microseparation, edge loading, 

third-body abrasion, high inclination, and abnormal gait loading) hip replacements could show significantly higher wear. 

These conditions may not be adequately represented by traditional wear simulations, and therefore, patient-specific 

modeling can be useful to determine high-risk mechanical conditions before surgery. [41] Advances in the development 

of wear-resistant materials, such as extremely cross-linked polyethylene, ceramics, coatings, and surface modification, 

have led to increased durability of the THA, but these developments can only partially offset suboptimal alignment or 

recurrent impingement [42]. Patient-specific biomechanical models can thus guide strategies for implant orientation to 

decrease wear, ensure stability, and increase longevity. Table 3 lists the main mechanical failure mechanism pathways 

and patient-specific measures for preventing failure in THA. 

 

Table 3. Mechanical Failure Pathways and Preventive Strategies in THA 

Failure 

Pathway 
Contributing Factors 

Biomechanical 

Consequence 

Patient-Specific 

Prevention Strategy 
Reference 

Stress 

shielding 

Stiffness mismatch between 

implant and bone 

Proximal bone resorption 

and late loosening risk 

Finite element-based 

implant and material 

optimization 

[27] 

Abnormal 

joint 

loading 

Altered gait, pain adaptation, 

and asymmetric mechanics 

Increased implant-bone 

interface stress 

Musculoskeletal simulation 

and rehabilitation planning 
[32] 

Spinopelvic 

stiffness 

Lumbar disease, spinal fusion, 

and sagittal imbalance 

Reduced pelvic 

compensation and 

increased instability risk 

Functional cup positioning 

using standing-sitting 

analysis 

[36] 

Edge 

loading 

Cup malposition, 

microseparation, and abnormal 

contact mechanics 

Increased wear and bearing 

surface damage 

Wear prediction and 

orientation optimization 
[41] 

Material 

wear 

Bearing material, surface 

roughness, head size, and 

loading direction 

Wear debris, osteolysis, 

and revision risk 

Material selection 

combined with alignment 

optimization 

[40] 

 

 

10. Integration With Robotic-Assisted and Navigation-Guided THA 

Robotic and navigation-assisted total hip arthroplasty (THA) are two important platforms for patient-specific 

biomechanical planning to be delivered in the operating room. The goal of these technologies is to enhance the precision 

and consistency of acetabular cup placement, femoral preparation, restoring limb length, creating a proper offset, and 

positioning the components [43]. Robotic systems can combine pre-planning and imaging data with precise bone 

preparation and feedback in real time, enabling surgeons to perform consistent implant alignment techniques that they 

may not be able to achieve using manual methods. While enhancing component placement accuracy and minimizing 

technical outliers, early THA robotics designs focused more on the precision of component positioning, and clinical 

outcomes would rely on patient selection, surgical workflow, and registration. [44] 

The three-dimensional planning, intra-operative verification, and position adjustment of implants according to the 

patient anatomy and functional goals are currently possible with robotic THA systems. These systems could be 

especially helpful in complicated anatomy, dysplasia, abnormal femoral version, modified pelvic morphology, or where 

the hip biomechanics must be restored accurately. These benefits come with some drawbacks, such as the cost, operative 

time, learning curve, availability of equipment, registration error, and doubts about the long-term success compared with 

an effective, traditional THA [45]. 

Experimental evidence shows that robot-assisted, computer-navigated, augmented reality-guided, patient-specific 

instrumentation and accelerometer-navigated techniques may yield better accuracy of implant positioning and fewer 

alignment outliers compared to manual techniques, but there are significant variations between studies [15]. This future 

could be further broadened by the use of artificial intelligence and emerging technologies that can aid in automated 

planning, predictive analytics, digital twins, intraoperative decision support, and risk stratification, among other 

applications [43]. These tools could be integrated with biomechanical modeling, which will enhance precision-based 

THA and extend the implant lifespan. 

 

11. Clinical Validation, Challenges, and Future Directions 

In order to be able to routinely use total hip arthroplasty (THA) to create patient-specific biomechanical models, clinical 

validation is still necessary. While the technical ability of these methods to achieve personalized arthroplasty has been 

increased by computational planning, robotic execution, artificial intelligence, and advanced imaging, the clinical 

benefit is yet to be proven via measurable gains in implant survivorship, functional recovery, reduction in implant-

related complications, cost-effectiveness, and patient-reported outcomes [46]. AI has already impacted arthroplasty, 

including analyzing images, preplanning implants, predicting risk, optimizing workflows, and forecasting outcomes, but 
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for this to become the norm, algorithms need to be made transparent, datasets of high quality, it must be externally 

validated, and it should be used alongside, rather than instead of, surgeon decision-making [47]. 

Digital twin systems have the potential for being a very promising future direction as they can generate a virtual patient, 

a virtual implant, a virtual musculoskeletal load, a virtual rehabilitation pathway, and a virtual postoperative risk for 

every patient. With THA, these systems can enable the ongoing optimization of pre-operative plans based on imaging, 

gait information, wearable sensors, and longitudinal clinical outcomes. However, realizing this implementation is 

dependent on the availability of standardized, interoperable, regulatory-controlled, computationally reliable, and 

validated data in a variety of patient populations [48]. 

The potential of material innovation to further assist personalized reconstruction must also be considered, and involves 

the integration of biomechanical modelling with patient-specific scaffolds, porous materials and regenerative implant 

strategies. Scaffolds constructed from magnesium alloys are one example of the adaptive biomaterials that can be used 

to design future implants to better conform to anatomy, mechanical demands and the needs for bone repair [49]. AI tools 

for knee arthroplasty also indicate the potential for enhancing planning, prediction and post-operative monitoring in 

other types of joint replacement. Going forward, the impact of THA modeling should be given more consideration for 

its prospective validation, usability, ethical data governance, and its ability to provide long-term benefits. The next step 

is to examine approaches to personalized THA and future directions that can be achieved through the use of technology 

in precision arthroplasty (Table 4). 

 

Table 4. Technology-Enabled Personalized THA and Future Directions 

Technology/Direction Role in THA 
Potential 

Benefit 

Current 

Limitation 
Reference 

Robotic-assisted THA 
Executes preoperative plans using controlled 

bone preparation and feedback 

Improves 

component 

placement 

consistency 

Cost, learning 

curve, and 

workflow 

demands 

[44] 

Navigation-guided 

THA 
Provides intraoperative orientation feedback 

Reduces 

alignment 

outliers and 

improves 

reproducibility 

Registration 

error and 

equipment 

dependence 

[46] 

Artificial intelligence 
Supports planning, prediction, image 

analysis, and risk stratification 

Enables data-

driven 

personalized 

arthroplasty 

Requires 

transparent 

validation and 

high-quality 

datasets 

[47] 

Digital twins 
Creates dynamic patient-specific virtual 

models 

May integrate 

imaging, gait, 

sensors, and 

outcomes for 

continuous 

prediction 

Limited 

clinical 

validation and 

interoperability 

challenges 

[48] 

Patient-adapted 

biomaterials 

Enables scaffolds and implants tailored to 

anatomy and bone regeneration 

May improve 

biological 

integration 

and defect 

reconstruction 

Requires long-

term safety and 

performance 

evidence 

[49] 

 

 

Limitations and Future Directions 

Technical complexity, lack of consistent model validation, large computational requirements, and imaging quality, 

segmentation, and biomechanical assumptions deficiencies limit patient-specific biomechanical modeling in THA. 

Much of the loading in many models is simplified and may not accurately reflect dynamic behaviors like walking on an 

irregular surface, climbing stairs, sitting, or getting up. Cost, lack of access to high-quality imaging and robotic 

platforms, workflow disruption, and the lack of a standardized workflow for incorporating model outputs into the 

surgical decision-making are also barriers to clinical translation. The long-term evidence of biomechanical modeling to 

decrease revision rates, increase function, and enhance implant survivability is limited. 

Prospective clinical validation, multicenter datasets, standardization of modelling protocols, and direct comparison with 

conventional modelling are preferable for future studies. Integration of the AI, digital twins, wearable sensor data, 

robotic execution, and patient-reported outcomes may enhance prediction accuracy and clinical use. Future systems 

should be transparent, reproducible, inexpensive, and flexible for a variety of anatomical and functional patient profiles. 

 

12. CONCLUSION 

Patient-specific biomechanical modeling is a clinically relevant approach that can guide and enhance implant 

positioning and longevity in THA from a standardized positioning target to individual functional reconstruction. THA's 

success is dependent upon a combination of factors, such as implant orientation, bone quality, femoral offset, 
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spinopelvic mobility, joint loading, material behavior, soft tissue balance, and patient activity patterns. These traditional 

alignment techniques still have a place but may not completely consider the anatomical and biomechanical variability, 

which may affect instability, impingement, edge loading, wear, stress shielding, and aseptic loosening. Imaging-based 

reconstruction, finite element analysis, musculoskeletal modeling, robotic assistance, navigation, artificial intelligence, 

and digital twin concepts can help to understand patient-specific mechanics and assist with more accurate preoperative 

and/or intraoperative decision making. What these tools can predict and do well is mechanical risk before implantation, 

and position components as per the anatomy and functional needs of the individual patient. Adoption of the technique 

will need to be standardized, validated in a prospective study, cost-effectiveness demonstrated, and integrated into a 

standardized surgical routine. Biomechanical planning for a personalized approach could play a key role in precision 

arthroplasty. 
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