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 A B S T R A C T 
Biomechanics — the application of mechanical principles to biological tissues 
— underpins the design, evaluation, and success of orthopedic implants. In 
total hip arthroplasty (THA), a precise understanding of joint loading, stress 
transfer, and tribology is essential to optimize outcomes. This study was 
conducted to comprehensively review the core biomechanical principles 
relevant to the hip joint and their translation into THA, focusing on the 
implications for implant design, surgical alignment, and long term 
survivorship, with integration of clinical findings. We present a narrative 
synthesis of fundamental biomechanical theory (forces, moments, 
stress/strain relationships, tribology) and illustrate how these translate into 
design decisions and surgical techniques in hip arthroplasty. Selected clinical 
examples and pertinent literature are used to anchor the discussion. The hip 
is routinely subject to high joint reaction forces (typically 3–5× body weight 
during gait, with peaks even higher in dynamic activities). In THA, 
misalignment or suboptimal load transfer can induce stress shielding, 
micromotion, excessive wear, and implant loosening. Key implant parameters 
— stem geometry, material modulus, head size, and femoral offset — 
meaningfully influence proximal stress distributions. Tribological behavior 
(lubrication regime, friction, wear mechanisms) remains a critical determinant 
for bearing longevity. Emerging technologies — porous coatings, graded 
stiffness stems, subject-specific finite element planning — show promise in 
reducing biomechanical complications. A rigorous grasp of biomechanical 
principles is indispensable for orthopaedic surgeons and implant designers 
working in hip arthroplasty. Every decision, from implant selection to 
alignment and surgical technique, should be informed by biomechanical 
insight to reduce complications and extend durability. Future research must 
focus on patient-specific modeling, adaptive implant designs, and integration 
of intraoperative feedback systems. 

 

Introduction 
The musculoskeletal system is continuously exposed to complex loading from body weight, muscular 
contractions, and external forces. Understanding how biological tissues deform, experience stress, and 
remodel under these loads lies at the heart of biomechanics. In orthopaedics, this framework enables us to 
interpret pathology, refine surgical technique, and engineer better implants [1-3]. Total hip arthroplasty 
(THA) is among the most successful interventions in orthopaedic surgery. Nevertheless, mechanical 
complications such as aseptic loosening, periprosthetic bone loss, wear debris–driven osteolysis, and fatigue 
fracture continue to occur. At their root, many of these failures arise from biomechanical mismatches: 
improper implant geometry, suboptimal alignment, inadequate load transfer, or unfavorable tribological 
behavior [1,4,5]. This review proceeds in two parts. First, we revisit core biomechanical concepts (forces, 
moments, stress/strain, material behavior, tribology). Second, we examine how these principles inform hip 
arthroplasty, including stem mechanics, offset restoration, bearing design, stress transfer to host bone, and 
clinical decision-making. Throughout, illustrative clinical vignettes and relevant literature are used to 
reinforce the application of theory to practice [6]. 
 
Core Biomechanical Principles 
Forces, Moments, and Equilibrium 
A force is a vector quantity defined by magnitude, direction, and point of application (units: Newtons, N). In 
the hip, forces arise from body weight, muscle contraction, and joint reaction. A moment (torque) is 
generated by a force acting at a distance (lever arm) from a pivot:  
M = F \, d 
This underlies how muscles generate torques to balance external loads and maintain equilibrium. 
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Figure (1)                                                                                                                                                                                                                                                                   
(a) Is the direct distance along the structure (force arm).                                                       
(d) Is the perpendicular distance from line of action (moment arm). 

Is the pivot point (point of rotation).                                                             

 
(p) If a force passes through the point, the moment is zero (F×O). 

Torque: is the same as moment but usually used to describe a twisting action on a shaft 
Couple: is produced by two equal forces (or moments) acting in opposite directions. 
If the lines of actions are coincident, couple is zero. 
                         F1                                                 F2 
 
 
In biomechanical equilibrium (static or quasi-static), the sum of forces and the sum of moments must each 
equal zero. Thus, muscle forces and joint reaction forces must counteract gravitational and inertial loads 
[5]. 
 
Deformation, Stress, and Strain 
• Deformation refers to changes in shape (stretching, bending, twisting, compression). 
• Stress (σ) is defined as force per unit area (σ = F / A). Stress types include tensile, compressive, shear, 
bending, and hoop stress. 
 
                                                                                           Shear 
 
 
 
    
                                                                                                           Tensile 
 
                                                                                      Stress 
 
                                                   Expansion                                              Expansion                                                                                                
 
 
 
 
 
 

This means that the cube expands under stress as to maintain it’s volume. 

The (ϒ) of rubber is 0.5, but that of steel or bone it is 0.3, indicating that the material does 

lose some of its volume when compressed. 
 
• Strain (ε) is the normalized deformation: ε = ΔL / L₀. Up to the elastic limit, stress and strain are related 
linearly via Young’s modulus E: 
\sigma = E \cdot \varepsilon 
Biological tissues are often nonlinear, anisotropic, and viscoelastic; thus the simple linear model is only an 
approximation in many contexts. 
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Strain (Σ) 

 Is a measure of proportional deformation in a cube of material. 
If the original length of one side of a cube is L and the deformed length is (L- 𝐱) then. 

Σ= 
𝐱

𝐋
   (positive for elongation and negative for compression). 

 

 
 
Material Behavior and Composite Response 
 
Bone is a hierarchical, anisotropic, and adaptive tissue. According to Wolff’s law and mechano-stat theory, 
bone remodels in response to local mechanical stimuli — increasing mass in loaded regions and resorbing 
in under-loaded regions. 
 
Implant materials (metals, ceramics, polymers) typically behave more linearly elastic with higher stiffness 
than bone. When implanted, the composite bone–implant system must be considered: stress distributions 
within bone, interface behavior, and how the construct responds to loading must all be predicted.4 
 
Tribology: Friction, Lubrication, Wear 
 
• Lubrication regimes: In ideal conditions, fluid film (hydrodynamic or elastohydrodynamic) lubrication 
separates bearing surfaces, minimizing wear. When surfaces come into contact, boundary or mixed 
lubrication dominates, increasing friction and wear. 
• Friction is characterized by coefficient μ = F_friction / F_normal. Frictional torque can transmit stresses 
to fixation interfaces (e.g., cement mantle, implant–bone interface). 
• Wear is the gradual removal of material. In THA bearings, wear debris — especially of polyethylene — can 
incite osteolysis and lead to aseptic loosening. 
 
Managing tribological phenomena is as critical as mechanical load transfer in achieving long-term implant 
performance. 
 
 Biomechanics of the Native Hip 
 
Load Magnitudes and Distribution 
During normal gait, hip joint reaction forces are typically 3–5 times body weight. Peak loads can escalate in 
activities such as stair ascent, rising from a chair, or in sports. 
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In single-leg stance, the hip functions mechanically as a type I lever: the abductor musculature must 
generate a moment to counterbalance body weight acting medial to the hip center. Suboptimal lever arms 
increase muscle demands and joint forces.6 
 
Lever Arms, Offset, and Muscle Mechanics 
 

 
 
In the saggital plane: 
   The body’s centre of gravity passes anterior to the  body of 2nd sacral vertebral body in the mid 
line, therefore it passes posterior to the hip joint. 
 So this force exerts a bending force and moment on the proximal femur posteriorly, also This force 
and moment increases when the hip is loaded in flexion ie.g  rising from chair , ascending stairs .       

• In the coronal plane: 

(1) Body wt applied to a lever arm extending from the body’s centre of gravity (axis) to the 
centre of the femoral head. 

(2) Abductors force applied to a lever arm extending from the lateral aspect of greater 
trochanter to the centre of the femoral head. 

Both must exert an equal moment to hold pelvis level in one-legged stance, to full fill the basic 
equation of equilibrium in type one lever system, which is: 
   Force x force lever arm = Resistance x resistance lever arm 
 

  
 
 
Femoral offset (horizontal distance from femoral shaft axis to hip center) is a key geometric parameter. 
Restoring native offset helps maintain proper abductor mechanics and hip stability. Under-restoration 
reduces abductor lever arm, increasing required muscle force and joint load; over-restoration may elevate 
stress on the acetabular side. 
 
Hip center of rotation, vertical and horizontal positioning, leg-length restoration, and version all influence 
kinematics, range of motion (ROM), impingement risk, and stress transfer across the joint.10 
 
 
Biomechanical Considerations in Total Hip Arthroplasty 
 
Stem Loading and Failure Modes 
 
The femoral stem in THA must withstand combined loading: 
• Axial (compressive/tensile) loads, 
• Bending (induces tensile stress on lateral cortex and compressive on medial cortex), 
• Torsion (twisting moments). 
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The anterolateral aspect of the stem typically sees tensile stress under bending, while posteromedial aspects 
tend to be compressive. Micromotion at the bone–implant interface can impair osseointegration, leading to 
fibrous fixation and later loosening. 
 
Bending moment in THR vs varus / valgus position: 

• The lever arm of bending moment on stem can be calculated by drawing a line through the 
centre of the head at an angle at which BW is applied to the head i.e. (15°) from midline of the 
body, then we draw   laterally perpendicular line to  reach a point of intersection with the 
stem. This perpendicular line is the length of bending moment lever arm  (x-y). 

 

 
 
The length of the bending moment lever arm varies according to: 

(1) More curve of the stem→ more head-stem offset → longer bending moment lever arm→ 
increased bending moment→↑bending stress. 

(2) Valgus position of the stem in relation to the femoral shaft→ less head-stem offset→ shorter 
bending moment lever arm→ decreased bending moment. 

 
 
Stress Transfer, Stress Shielding, and Bone Remodeling 
 
A stiff, highly rigid stem can offload (bypass) proximal femoral bone, reducing mechanical stimulus and 
triggering bone resorption (stress shielding). Over time, proximal bone loss may compromise support and 
lead to fractures or loosening. 
 
Strategies to mitigate stress shielding include: 
• using lower modulus materials (e.g. titanium alloys or composites), 
• tapering the stem to gradate stiffness, 
• including porous or lattice regions to encourage load sharing, and 
• designing proximal geometry to better match the host bone.2 
 
Offset Restoration, Abductor Mechanics, and Stability 
 
Proper femoral offset restoration is essential for abductor efficiency, joint stability, and physiologic hip 
loading. However, too much offset may increase loads on the acetabular cup or cause soft-tissue strain. A 
balance must be found to optimize both stability and longevity of both femoral and acetabular components. 
 
Bearing Design, Head Size, and Tribology 
• Head size: Larger heads improve stability (greater jump distance) and allow more ROM before 
impingement, but may increase frictional torque and wear if not designed properly. 
• Material pairing: Common pairs include metal-on-polyethylene (especially highly crosslinked 
polyethylene), ceramic-on-ceramic, ceramic-on-polyethylene, and metal-on-metal (less common now). Each 
pairing has trade-offs in wear rates, fracture risk, and tribochemical behavior. 
• Surface finish, roughness, coatings, and clearance all influence lubrication regimes and wear behavior. 
• Frictional torque: Particularly with large-diameter heads, frictional moments can be substantial, 
transmitting stress to fixation zones. 
 
Stress transfer to bone: 
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   Stress is transferred from prosthesis to cement and then to bone. It is desirable because it produces 
a stimulus to maintain bone mass and prevents disuse osteoporosis. 
  Decreased modulus of elasticity of the stem (titanium) → increase stress in proximal 1/3 of the 
cement → hoop stress → transfer of stress to bone→ increase bone quality. 

• Long , stiff stem securely fixed to diaphysis by cement or porous coating → decrease stress in 
cement and bone →osteoporosis of  the proximal 1/3 of femur which is called(stress 
shielding)→ stem loosening→ cement fragmentation → In the proximal 1/3 → more bone 
destruction specially in the region of the calcar → stem subjected to cantilever forces → stem 
fatigue fracture.  

 
• In the acetabulum , the use of polyethylene  socket there is a peak stress in the bone , But if 

metallic cup is used with a plastic liner , stress is distributed evenly. 
•  Also peak stress increases if subchondral bone is removed. 
• So preservation of subchondral bone and use of metal-backed or thick walled plastic cup 

decreases peak stress in trabecular bone of the pelvis. 

 
                                 POLY- ONLY                                      POLY + METALIC 
 
 
 
Surgical Alignment, Version, and Impingement Risk 
 
Component malposition (e.g., cup inclination/anteversion, stem version) can lead to edge loading, 
impingement, microseparation, increased wear, and dislocation risk. Preoperative planning, intraoperative 
navigation, and patient-specific guides can help restore optimal alignment.8 
 
Computational Planning and Patient-Specific Models 
 
Finite element (FE) modeling allows predictive simulation of stress and strain distributions in bone and 
implants, enabling optimization of implant geometry, material grading, and surgical positioning. 
Personalized models based on patient imaging enhance the capacity to tailor implants and alignment to 
individual anatomy and loading patterns. 
 
 
Clinical Insights and Case Vignettes 
 
• Early loosening cases often correlate with stems implanted in varus alignment or with under-restored 
offset, resulting in asymmetric load distribution and micromotion. 
• Periprosthetic bone loss is frequently more pronounced in proximomedial regions, consistent with stress 
shielding due to rigid stems. 
• Clinical studies have demonstrated that meticulous preoperative templating or CT-based planning yields 
better restoration of hip biomechanical parameters (offset, center of rotation, leg length) and may reduce 
complication rates. 
• Novel technologies — such as functionally graded lattice implants and sensor-integrated prostheses — 
are beginning to appear in pilot studies aimed at reducing stress shielding and monitoring in vivo loads. 
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For example, a recent computational optimization study developed a functionally graded biomimetic lattice-
stem design to reduce stress shielding, achieving improved bone remodeling response compared to a solid 
stem design.9 
 

 
 

• Stem failure: 
   Usually occurs at the antero-lateral aspect i.e the area of maximum tensile stress. It is determined 
by: 

1. Stem design (curve) determines point of maximum tensile stress (more desirable to be 
on surface of the stem). 

Point of maximum tensile moment.. 
 
 

                  
 
Head and neck diameter: 
The load per unit area is greater in small (22mm)head than in large head (32mm)because the contact 
surface area between the head and polyethylene cup is less. 

- The friction torque lever arms between cement and bone are almost equal in both small and 
large cups. 

- The cups for small heads are thicker. 
Thick cups show less wear because: 

- They have more energy absorption. 
- They distribute stress more uniformly in bone. 

 
 

The diameter of the neck of small heads is thicker (may approach the diameter of the head) to be 
strong enough. 
 
Factors which determine wear: 
 
(1)  Coefficient of friction of the  material . 
 (2) Finishing of surfaces ( polishing) . 
(3) Boundary lubrication . 
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 (4)  Load . 
 (5) Distance traveled in each cycle ( depends on      
           head diameter in THR ) . 
 (6) Number of cycles . 
 (7) Hardness of material 
 
Future Directions and Challenges 
 
• Patient-specific and adaptive implants: Designs that adjust stiffness regionally or evolve over time in 
response to in vivo loads. 
• Intraoperative feedback and smart implants: Sensors that monitor implant loading, micromotion, or 
bone strain in real time could guide surgical decisions or postoperative adjustments. 
• Improved tribological interfaces: Use of advanced coatings, surface texturing, and novel biomaterials to 
enhance lubrication and minimize wear. 
• Integration of machine learning and biomechanics: Predictive models that combine imaging, gait data, 
and computational biomechanics to guide implant selection and alignment. 
• Long-term clinical validation: Many biomechanical innovations require extended clinical follow-up to 
validate their superiority over conventional designs.7 
 
 Conclusion 
 
Biomechanical principles are not academic abstractions — they fundamentally govern the performance, 
durability, and complications of hip arthroplasty. From stem design and material selection to alignment, 
offset restoration, and bearing mechanics, each decision must be informed by a mechanistic understanding. 
By combining rigorous biomechanics with evolving computational tools, personalized implants, and 
intraoperative feedback, the field can advance toward implants that better mimic native mechanics and last 
longer. Continued collaboration among biomechanical engineers, clinicians, and materials scientists is 
essential for the next generation of hip arthroplasty. 
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