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ABSTRACT

Patel, Dishita. M.S.Egr. Department of Biomedical, Industrial and Human Factors
Engineering, Wright State University, 2011. Influence of Design Parameters on CupStem Orientations for Impingement Free Range of Motion in Hip Implants.

The objective of this investigation is to determine the optimum positions of the prosthesis
in total hip arthroplasty that produce least amount of impingement. Theoretical ranges of
six basic hip motions were determined under walking, stumbling, internal rotation at 90
flexion and external rotation at 0 extension with 15 abduction, using mathematical
models and validated for impingement using finite element analysis. A generalized
approach, where impingement does not occur, was developed in this study to understand
influence of design parameters such as head-neck ratio, neck-shaft angle, oscillation
angle, and stem offset on cup-stem orientations such as cup inclination, cup anteversion,
and stem antetorsion. Stems with head-neck ratio lower than 2.3 and neck shaft angle
greater than 135 did not impinge. For impingement free range of motion, cups should be
anteverted more when stems with high neck shaft angle are combined with low stem
offset and antetorsion.
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1. Introduction
Total Hip Arthroplasty (THA) is one of the most effective treatments aimed to restore
mobility and mimic basic motions of the hip caused by osteoarthritis and rheumatoid
arthritis (Sun et al. 2007). However, dislocation of the femoral head from the acetabular
socket is a major problem following THA accounting upto 15% cases (Restrepo et al.
2011, Rady, Asal & Bassiony 2010). To prevent dislocation, it is important to know the
range of motion (RoM) that occurs in THA (Robinson et al. 1997) .

Poor prosthetic designs and misalignment of prostheses limit the RoM after THA.
Design optimization is used to provide optimal range of motions in hip prosthesis. Part
recalls are not only expensive but leave adverse effects on patient. Recent scrutiny over
metal-on-metal implants (M-o-M), which can generate debris from wear, inflammation,
and tissue damage, has brought recall of DePuy’s ASR Hip (Warsaw, IN) in America,
Asia, Africa, Middle East and Europe (DePuy). This research investigates four different
design parameters critical to providing impingement free range of motion. They are: 1)
head-neck ratio (R), 2) neck-shaft angle (NSA), 3) stem offset ( ), and 4) oscillation
angle (OsA).
Malpositioning of components affects outcome of THA. A comprehensive study of role
of design factors in predicting cup-stem orientations with both clinical and experimental
validation needs to be investigated further as impingement is a complex mechanism.
1

Limiting its cause to design optimization or gait performance will not satisfactory aid in
understanding its role in achieving successful range of motion in hip prosthesis. The
influence of design parameters on cup-stem orientations in hip and their interactive
effects have been investigated.
This research study addresses the clinically relevant issue of implant dislocation
following THA. Gait performance in static loading for M-o-M impingement in hip
prostheses was analyzed in this study. This research optimizes design parameters as well
as pre-operative planning to achieve an impingement-free range of motion.

The

prediction model developed can predict optimal cup-stem oreintations on patient-specific
basis, with the selected design parameters. The results predicted were verified satistically.
This work is a step towards incoporating realistic biomechanical and kinematic
preoperative planning for a hip navigating system.
Hypotheses

Three major hypotheses investigated during this study were:
1. Can stems with head-neck ratio lower than 2.3 and higher neck shaft angles
achieve impingement free range of motion under gait cycle? Is optimizing head
diameters and head-neck ratio sufficient to predict impingement free range of
motion in THA?
2. How cup-stem orientations influence the selection of design parameters?
3. Correlate the cup-stem orientations with varying design parameters based on
subject specific requirements.

2

Objectives

To investigate the hypotheses the following objectives were proposed:
1. To obtain theoretical range of motion of hip implants and predict impingement
2. To develop finite element models to validate the theoretical ranges
3. To measure stress, displacements and contact pressure under varying loads of gait
cycle for predicting the onset of impingement
4. To isolate key design parameters for determining impingement and study its
impact on cup-stem orientations
5. To develop a generalized method to predict optimal cup-stem orientations
This research study has been broken down into sections for better understanding of the
matter as follows:
Chapter 2 presents a review of literature covering the basics of design parameters, cupstem orientations, and their role in range of motion of hip, failure mechanisms of
component, and finite element methods in THA.
Chapter 3 describes the methodology for formulation of theoretical model and finite
element modeling to study impingement in the hip models.
Chapter 4 summarizes the range of motion derived from theoretical method; stress,
displacement, and contact pressure under various loading conditions from the finite
element analyses.

3

Chapter 5 describes the new approach developed in this study to optimize design
parameters and pre-operative planning. Predictive models derived to isolate key design
parameters affecting the impingement free range of motion were discussed.
Chapter 6 discusses the possible causes of failure; which models induced maximum
contact pressure under their varying loads, and interpretations.
Chapter 7 concludes the research and discusses the possible directions of future work.

4

2. Literature Review
This chapter presents a review of literature covering the basics of hip joint, total hip
arthroplasty, design parameters, cup-stem orientations, and their role in range of motion
of hip, failure mechanisms of component and methods employed for detecting
impingement in THA.

2.1 Hip Joint
Hip joint is responsible for bearing the body weight while walking, climbing, sitting, and
various daily activities. Hip motions consist of the articulations of two major bones,
acetabulum, and the femur. Hip joint is termed as the ball- socket joint, where the ball
refers to the femur, and a socket refers to the acetabulum. Total hip arthroplasty is used
to treat traumatic injuries due to accidents or fall, restricted range of motion and wear
damaging the articulations of ball-socket joint. Section 2.1.1 discusses the procedure of
total hip arthroplasty and section 2.1.2 discusses the complications arising after total hip
arthroplasty.
2.1.1 Total Hip Arthroplasty

Total Hip Arthroplasty (THA) refers to the orthopedic procedure to replace the
degenerated hip suffering from severe osteoarthritis, rheumatoid arthritis, bone necrosis,
and severe pain while performing activities of adult daily living (ADL) with artificial hip
system (MD Guidelines). The artificial system has three components: acetabular cup,
prosthetic head, and prosthetic stem.

General hip replacement procedure involves

reaming the cartilage of acetabulum, where the acetabular cup is fixed as shown in Figure
5

1[A]. Several trial cups are tested to make sure the best-fit shape of the cup is inserted.
Materials used to fix acetabulum vary from cemented THR to cementless THR (Ranawat,
Ranawat & Rasquinha 2004, Wong 2010). Second step involves cutting the femoral head
and drilling a femoral canal to insert the prosthetic stem. Again, to ensure the correctness
of the size and shape, a trial component is used. At this point, the surgeon would check if
the hip system provides adequate range of motion for the patient (Wong 2010). Once, the
desired range of motion based on patient’s history, age and activity level is achieved, the
surgeon fits the prosthetic stem; see Figure 1[B]. Finally, the prosthetic ball is placed on
the stem as shown in Figure 1[C]. Fitting the ball varies again with type of THR. Fitting
the ball after the stem is preferred to avoid wear between the articulating surfaces.
Additionally, a modular ball enables the surgeon to remove it instead of the entire stem
during revision surgeries. The completed hip replacement is as shown in Figure 1[D].
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A)

B)
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C)

D)
Figure 1: A) Reaming of acetabulum B) Reaming femoral canal C) Inserting femoral
stem into femur D) Complete hip replacement system. (Wong 2010)
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2.1.2 Complications following THA

Hip joint forces vary with walking speed. Stumbling, jogging, stair climbing and other
unplanned activities cause much higher loads on a prosthetic device than walking.
Contact forces developed at the articular joint during extreme hip motions causes
dislocation of prosthesis (HE Rong-xin et al. 2007). Clinical examination of patient after
THA shows reduced range of motion when internally rotated and flexed; see Figure 2
[A]. Hence, implant design and component placement shall fulfill the RoM conditions to
resist dislocations under these conditions and forces. Uniform distribution of stresses on
implant-bone interface would enhance bone growth and facilitate intact position of the
prosthesis in the femur (Abdullah et al. 2010).

Long-term performance of a hip implant requires the ability to resist dislocation.
Dislocation continues to be a common complication following THA.

Postoperative

dislocation accounts for an incidence of 5% complication after THA (Nishii et al. 2004a).
Impingement was the underlying cause of revision surgeries related to dislocations,
loosening, osteolysis, and infections, see Figure 2 [B] (Marchetti et al. 2011b). Marchetti
reported impingement in 80% of dislocated cups, 58% in cases with osetolysis, 52% of
cases of loosening, and 38% of infected cups.

Impingement was defined as the

mechanism that forces the femoral head outside the cup by creating a hinge at the
acetabular-femoral socket. This damages mechanically the rim of the cup (AAOS).
There are three types of impingement: bony impingement, component-component
impingement and bony-component impingement (Bartz et al. 2000).
9

Impingement

reduces the range of motion in the hip prostheses. Component impingement can be
prevented by aligning the prostheses at optimal position (Hisatome & Doi 2011).

Wear of liner is another complication in THA. Wear rate between the articulating
surfaces was examined to avoid dislocations (Slonaker & Goswami 2004, Bhatt &
Goswami 2008). In the case of metal-o- metal (M-o-M) implants, the primary concern is
that the yield strength of the material would exceed the bearing surface friction causing
material failure. Thus, plastically deform the cup rim (Elkins et al. 2011). In cases with
polymeric liners between the metal prostheses, the rim of the liner is damaged due to
impingement between the cup and neck, see Figure 2[C]. The current study focuses on
component-component (metal-metal) implants where there is no liner between the
articulating surfaces and impingement between the femoral head and rim of the cup is
analyzed.

Variations in component positions leading to differences in available joint motion, joint
stability, and implant survival have been reported (Wroblewski 1985, Amstutz et al.
1975, Coventry 1985). Common failure modes are joint instability, aseptic component
loosing, and infection and result in revision surgeries.
This study attempts to evaluate the stability of hip implants under normal maneuvers of
walking and stumbling by measuring the contact stresses, pressure, and displacement at
the articulating joint.

10

Figure 2A) Clinical examination of impingement for reduced range of motion.
(Troelsen et al. 2009).

Figure 2B) Occurrence of impingement in various cases considered for revision
surgeries.
This figure shows how impingement in dislocation outlines infection, loosening, and
osteolysis for revision surgeries. (Marchetti et al. 2011b)
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Figure 2C) Mechanical damage of the liner due to impingement (Yamaguchi et al.
2000)
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2.2 Impingement in Hip Prostheses
Component -Component impingement can be related to design of hip prostheses as
discussed in the section 2.2.1 and malpositioning of the implants as discussed in section
2.2.2. Section 2.2.3 discusses the effect of design parameters on
impingement/dislocation.
2.2.1 Design of Hip Prostheses

Parameters that contribute to dislocations include femoral and acetabular component
defects. Prostheses with different geometries of head and neck have been verified for
impingement and joint stability under varying orientations of cup-stem (Robinson et al.
1997, HE Rong-xin et al. 2007, Abdullah et al. 2010, Senapathi & Pal 2004, Scifert,
Brown & Lipman 1999, Bhatt 2008, Kluess et al. 2007, Arbabi et al. 2009, Bell 2008).
Head sizes higher than 32 mm have been suggested to avoid M-o-M impingement
(Burroughs et al. 2005). An increase in head size decreases the contact stresses and
allows impingement free range of motion. Studies supporting this interpretation did not
account for wear rate, which increases with increase in head size (Latham & Goswami
2004, Buford & Goswami 2004). Heads with an extended flange, and cups with elevated
rims were considered as major risk factors for impingement (Marchetti et al. 2011b).
Influence of head diameter, neck angle, neck length and neck diameter on resulting stress
and displacement in the hip stem designs was studied computationally for hip stability
and wear earlier (Bennett & Goswami 2008). While, the risk of impingement related to
head

or neck diameter remains disputable, several computational and experimental
13

studies have emphasized the significance of H-N ratio higher than 2.3 (Hisatome & Doi
2011, Yoshimine 2006, Widmer, & Majewski 2005, Malviya et al. 2010, D'Lima et al.
2000, Chandler et al. 1982, Krushell, Burke & Harris 1991). Cross-sectional geometries
of femoral stems have been optimized for reduction of stress in hip implants (Sabatini &
Goswami 2008, Pyburn & Goswami 2004).

An obtuse neck shaft angle (NSA) is

recommended to ensure the proper transmission of weight from the femur to the knee
joint during walking, jumping and running (Bader et al. 2004). Effects of NSA on cupstem orientations were studied and safe zone were determined computationally (Widmer
& Majewski 2005). Maximum articulation of the stem within the cup without impinging
is defined as the oscillation angle (OsA), often referred as prosthetic RoM (Hisatome &
Doi 2011,Widmer & Majewski 2005, Yoon et al. 2008, Ko & Yoon 2008). Smaller
offsets and smaller head sizes negatively impact RoM was reported in a recent study
(Patel et al. 2010). Previous finite element studies have shown that increase in stem
offset and increase in anteversion angle increases the contact stresses and should be
avoided to allow joint restoration (Kleemann et al. 2003, Heller et al. 2011).
Current study investigates design factors of hip implants for predicting impingement and
stress concentrations.

14

2.2.2 Malposition of Hip Prostheses

Orientations of prosthetic components significantly affect the onset of impingement and
subsequent dislocation. With advancement in technology, component placement has
become easier through image guided navigation systems (Wassilew et al. 2010, Seel et al.
2006, Noble et al. 2003, Jaramaz et al. 1998). However, component placement highly
relies on surgeon’s expertise, approach, and judgment to perform a successful hip
replacement surgery.

Discussion on beneficial approach for surgery is ongoing

(Biedermann et al. 2005). Besides, patient’s history, physical condition, and activity
level influences the surgery.

Obesity and osteoporosis among patients are major

conditions causing complexity in surgeries.

Influence of cup inclination on dislocation has been studied in previous studies and
inclination of 45 and higher is preferred for implant stability (Hisatome & Doi 2011,
Widmer & Zurfluh 2004, Lewinnek et al. 1978). However, a recent study on explants
showed there was no correlation between cup inclination and occurrence or severity of
impingement (Marchetti et al. 2011b). Statistical significant correlations between low
cup anteversion angles and higher occurrence of posterior dislocation were reported from
series of computer tomography (CT) images evaluated for dislocation (Nishii et al.
2004a). Higher anteversion angles provide better resistance moment to dislocation was
demonstrated earlier through finite element analysis (Scifert, Brown & Lipman 1999).

15

Recent interests for evaluating the influence of combined (cup + stem) version on
occurrence of dislocation resistance shall offer better insight into the impingement
mechanism.

Clinical studies and navigation systems use CT images to evaluate and predict the safe
zones based on cup–stem orientations. Algorithms followed for tracking motions in
navigation system vary from manufacturer to manufacturer. There is no consistency in
these studies as position of the patient on the table, pelvic position, type of implant,
implant specifications, method/definition (radiographic, anatomic, and operative) used to
measure orientations are prone to variations (Nishii et al. 2004a, Biedermann et al. 2005,
Murray 1993, Wolf et al. 2005).

The current study attempts to overcome the above-mentioned inconsistencies with
optimal positioning of the prostheses using theoretical as well as finite element modeling
of the hip motions.

16

2.2.3 Effect of Design Parameters on Impingement

Prevention of impingement should be given particular attention in case of M-o-M
implants as they are prone to subsequent revision for metal-ion concentration or fracture
(Marchetti et al. 2011a, Sargeant, Goswami & Swank 2006). The implant-linked risk
factors for impingement are geometrical parameters of the cup, head and stem.
Higher RoM in hip prostheses is desired to avoid component-component impingement
which restricts ADL and subsequent subluxation/dislocation (Yoshimine 2005). Global
RoM (sum of the various ranges of motion) of the hip exceeding 200 was determined as
a clinical risk factor (Marchetti et al. 2011b). Articulating surfaces of the hip joint play a
vital role in preventing impingement. Increasing the articulating diameter enhances the
stability and RoM in hip prostheses (Bader et al. 2004). The head and neck size of the
hip prostheses determine the articulating diameter. The diameter of head and neck
defines the head-neck ratio (R). Hence, R has been investigated as implant related risk
factors for impingement (Malviya et al. 2010, D'Lima et al. 2000, Krushell, Burke &
Harris 1991). The articulating diameter influences the oscillation angle of the prosthesis
to provide optimal RoM. Oscillation angle influences the cup inclination, cup anteversion
and neck shaft angle (Ko & Yoon 2008, Jolles, Zangger & Leyvraz 2002). Joint contact
area of the articulating surfaces should be maximized to avoid higher stresses and wear in
hip prostheses (Robinson et al. 1997).

17

The position of the stem governs the cup orientations in offering RoM, as it is inserted
before the cup during THA (Wong 2010). Impingement in hip is influenced by this
inter-relation between the cup-stem orientations, namely: cup anteversion, stem
antetorsion and cup inclinations (Widmer, Dorr et al. 2009, Sendtner et al. 2010). Gender
related difference in measurement of stem antertorsion were reported due to this inter
dependence (Dorr et al. 2009). Anteversion angle is associated as a risk factor for
posterior dislocation (Nishii et al. 2004b). Scifert, reported cup oriented with higher
anteversion angles would enhance the resistive moment to dislocation during extreme hip
motions (Scifert, Brown & Lipman 1999). Cup inclination determines how the stem
would fit within the cup (HE Rong-xin et al. 2007, Widmer & Zurfluh 2004). Hence, cup
inclination is associated to implant stability and studied for impingement related risk
factor in hip prostheses.
Stem offset facilitates abductor strength for the prostheses and determines the leg length
after THA (Lecerf et al. 2009, McGrory et al. 1995). Soft tissue tension due to lower
stem offsets in hip prostheses leads to impingement was reported earlier (Bader et al.
2004, Lecerf et al. 2009, McGrory et al. 1995, Charles et al. 2005). Hence, stem offset
has been investigated as impingement related risk factor in hip prostheses.
RoM in hip prosthesis varies with patient’s age, physical condition, and activity level
(Widmer & Majewski 2005, Ko & Yoon 2008). For example, mobility is major concern
for younger patients while stability is a major concern for elder patients (Widmer &
Majewski 2005, Muratoglu et al. 2001). Malposition of components due to lack of
surgeon’s experience to deal with complexity of patient’s condition also leads to
18

impingement and subsequent dislocation (Ko & Yoon 2008, Onda et al. 2008, Fackler,
Poss 1980).

Hence, proper selection of design parameters and better alignment of

components is must for a successful THA.

19

2.2.4 Effect of Design Parameters on Leg Length

Another factor that measures the successful outcome of a THA is the limb length.
Abnormal gait, pain, neurological disturbance, and patient dissatisfaction have been
reported due to leg length discrepancy after THA (Manzotti et al. 2009; 2011). After
choosing the desired component designs, it is necessary to evaluate the leg length.

Clinically, the surgeon tries to maintain the leg length with longer neck cross sections or
larger stem offsets.

The surgeon aims to restore the joint by tightening the muscles

around the prostheses. The tension of the gluteus muscles around the total hip prosthesis
plays a vital role in stability of the prostheses (Bennett & Goswami 2008, Charles et al.
2005). The neck length of the prostheses influences this tension. Longer neck lengths
provide better tension in the muscles, which affects the overall fit of the femoral ball
inside the acetabular cup. However, increasing the neck length without medializing the
stem would lead to unequal leg length (Sarin, Pratt & Bradley 2005). This leads to bony
impingement and tissue damage (Charles et al. 2005). In order to overcome this situation
as shown in figure 2[D], stems with lateral offsets are used. Stems with lateral offsets are
placed horizontally and hence longer neck length would not affect the leg length in this
case and yet tighten the muscles. Hence, leg length is correlated to stem offset. Correct
leg length and stem offset indicates the optimal prosthetic position analogous to the
natural femur (Sarin, Pratt & Bradley 2005).

20

Figure 2 D): Effects of stem offset and neck length on leg length (Waltenbaugh 2011)
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In practice, however, very large offsets would increase the lever arm of contact forces
and thus lead to wear of liners and loosening (Kleemann et al. 2003).

Currently,

computer assisted navigation systems aim to ensure implant stability by eliminating the
leg length discrepancy for a successful THA (Manzotti et al. 2009; 2011).

Optimal interaction of design parameters thus becomes a necessity for achieving correct
leg length. As discussed in the earlier section, impingement is highly influenced by these
interactions. Hence, clinical significance of studying the interactions for impingement
free RoM in THA serves dual purpose of achieving correct leg length and preventing
dislocation.
From the reviewed literature, it was concluded that a comprehensive investigation into
interactions between cup-stem orientations and design parameters would provide
valuable information in predicting impingement free prosthetic RoM.

The present

research investigates the role of interactive relations between cup anteversion-cup
inclination-stem antertorsion; neck shaft angle, head-neck ratio, oscillation angle and
stem offset in providing impingement free RoM in hip prostheses.

22

2.3 Methods employed for impingement studies in hip prostheses
Several researchers have studied impingement mechanism to avoid dislocation following
THA. Depending on the resources available, researchers have performed clinical studies,
experimental studies and computational studies to investigate impingement in hip
prostheses. Section 2.3.1 describes the methodology for computational studies, and
section 2.3.2 describes the methodology for experimental studies.
2.3.1 Computational Studies

Computer aided designs (CAD) via Finite element (FE) analysis has gained significant
recognition in the biomedical engineering community for its precision of reproducing the
physiological activities with numerical methods (Bell 2008). Computational study offers
cost-effective and non-invasive way to validate the theoretical, experimental data and
clinical assumptions. Computational study allows constructing 2D and 3D models of
prosthesis, simulating various motions in prosthesis, assigning material properties and
physiological loads at points of interest with given force and direction and evaluating
their effects (Gregory & Aspden 2008). Analytical methods of simulating range of
motion in hip models have been adopted by few researchers (Hisatome & Doi 2011,
Yoshimine & Ginbayashi 2002, Lim, Carmichael & Cabanela 1999).

Impingement

studies using finite element analysis in hip prosthesis relates to validating clinical or
experimental data, evaluating the performance of hip prosthesis in order to optimize
design parameters. Contact stress, shear stress, displacement, and pressure determine the
interactions between hip joint and implant during hip motions. Regions with highest
stress concentrations and loading can be determined using this method. Different finite
23

element analyses have claimed various design parameters to provide optimal range of
motion; however, the statistical significance of these studies is questionable.
It shall be noted that results acquired from finite element analysis are dependent on
assumptions made on model type, material properties, loading conditions, boundary
conditions, and subject-specific morphology for model generation. Therefore, any finite
element model developed should take into consideration the experimental validation and
clinical significance of the function of prosthetic component (Bell 2008, Kleemann et al.
2003).
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2.3.2 Experimental Studies

Often times, finite element methods may not reflect clinically satisfactory results (ASTM
International 2010b).

Hence, prototype designs should be validated experimentally.

Among the various options; testing on cadavers, saw bone femurs and mechanical device
are the most widely used methods for experimental validation of range of motion in hip
prostheses. Experimental testing of prototypes varies as every researcher has different
experimental set up, methodology and resources for validation. Human hip joint motion
simulators which allow motion simulation and tracking with varying degrees of freedom
assigned for translational and rotational motion are used for validating the RoM in hip
prostheses. One such hip simulator and its setup are shown in Figure 3. Hip simulators
can only test implants; they fail to incorporate any other mechanisms than dislocation to
measure instability of joint, the surgical approach and soft tissue tension. They are
expensive and time consuming. In this research study, RoM in hip prostheses was
determined in CAD tool and impingement was determined through FEA.
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Figure 3): Experimental set up of Hip simulator. (Kiguchi K. et al. 2009)
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3. Methods and Materials
This chapter discusses the methods and materials used for determining impingement
during ADL in hip implant models. The first section describes the construction and
methodology followed by theoretical model to determine impingement using Solidworks
2010 SP 2.1. The second section describes the construction of finite element model to
determine impingement using ABAQUS 6.10.
3.1 Theoretical Method to Determine Impingement

Impingement between the feoral head and cup was analyzed in 3D hip models previously
developed using Solidworks, see Appendix [A.1] (Bhatt 2008). A theoretical approach of
defining the restricted motion of femoral head within the cup with a prosthetic cone was
followed for predicting impingement during ADL (Yoshimine & Ginbayashi 2002).
Since, the diameters of femoral stems were known; the midpoint was selected as the
center of femoral head. Cone was modeled at this center in inverted position using the
spherical cooridnate system. Lines were drawn at the centroid of stem and neck to locate
the stem axis and neck axis. The angle formed at the intersection of these axes was
defined as the Neck shaft angle (NSA). The perpendicular distance from the center of
rotation of the femoral head to a centerline bisecting femoral shaft was termed as the
Femoral offset (S ) (Charles et al. 2005). Inclination angle is the angle formed at the
intersection of femoral neck and the femoral shaft as highlighted in Figure 4 [A]. A
linear relation between SA and CA was used to derive stem antetorsion (Widmer &
Zurfluh 2004). This linear relation is in accordance to the radiographic definition of cup
anterior opening (Jolles, Zangger & Leyvraz 2002, Yoshimine & Ginbayashi 2002,
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D.W.Murray 1993). This method was preferred as it allows the referencing of various
motions in terms of Cartesian coordinates. Hence, maps the location of impingement
sites, and measures the required range of motion in computer-aided design (CAD)
software.

The geometrical references are schematically drawn in

Figure 4 [B].

Flexion/extension occurs on the medial lateral axis through the head of the femur (sagittal
plane), adduction/abduction of femur occurs on the anterior posterior axis through the
head of the femur (frontal plane) and rotational movements occur on vertical axis passing
through the femur head and lateral femoral condyle (transeverse plane) .
The head of the femoral component during a leg movement follows the track of a cone
with its vertex at the origin.

Impingement site was marked at the intersection of

prosthetic cone with the vertex of origin. For example, the intersection of prosthetic cone
around the sagittal plane with the vertex of origin becomes the impingement site for
flexion/extension, see appendix [A.2] . Mathematically, impingement was deduced by
substituting the coordinates of the prosthetic stem, refer Appendix [A.2]. Four design
parameters; cup oscillation angle, neck shaft angle, stem offset and head-neck ratio were
measured in Solidworks. The corresponding cup-stem orientations; cup anteversion, stem
antetorsion and cup inclination angles which fulfilled the desired motion criteria were
noted. The design parameters and their associated cup-stem orientations of the models
used in this study have been listed in the Table 1.
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Figure 4A) Sketch of design parameters measured in SolidWorks.
Cup inclination (CI) is the angle formed between femoral head and acetabular cup. Stem
offset (S ) is the perpendicular distance between the center of stem axis and neck axis.
Neck shaft angle (NSA) is the angle formed between the stem and neck axis.
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Figure 4B): The coordinate system of THA model from anterior-posterior view.
X-axis is the anatomical transverse axis, Y-axis is the anatomical longitudinal axis and Zaxis is the anatomical sagittal axis. Flexion/Extension occurs on the medial lateral axis
(X-axis), External/Internal rotational movements occur around floating axis (Y-axis) and
Adduction/Abduction of femur occurs around orthogonal to medial lateral axis and
floating axis (Z-axis).
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Implant
Model

Design Parameters
NSA

No.

Cup-Stem Orientations

Cup
H-R OSA Stem Cup
Offset Anteversion Inclination

Stem
Antetorsion

1

143.64 2.00 104.72 32.19 13.87

19.30

33.04

2

145.00 1.43 79.54 24.57 21.65

25.22

21.93

3

140.63 1.11 45.10 25.47 15.66

50.00

30.49

4

143.48 2.60 118.10 23.95 16.97

58.87

28.61

5

139.23 1.86 100.04 21.72 14.95

62.83

31.50

6

138.69 1.44 80.93 29.49 19.40

19.12

25.14

7

142.92 3.20 125.56 32.04 16.28

29.98

29.60

8

137.43 2.29 111.52 31.09 20.25

50.00

23.93

9

130.55 1.78 97.64 38.52 14.43

51.61

32.24

10

127.16 4.00 131.81 35.32 14.37

62.83

32.33

11

130.98 2.86 121.32 36.15 14.71

20.00

31.84

12

130.34 2.22 110.40 38.01 14.14

35.00

32.65

Table 1: Table demonstrating design parameters considered for this study. Refer

Appendix [A.1] for geometric design of models.
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3.2 Finite Element Method

Finite element method was used to invesitgate the range of motions in hip implant
designs. Development of a finite element model for M-o-M THA involves numerical as
well as physiological considerations. This method incorporates geometrical properties,
material properties, and kinematic data to accurately record and simulate hip motions
(Bell 2008). The goal of this approach was to validate the results of theoretical method as
well as evaluate the performance of hip implants under various gait conditions. Six
motions namely flexion/extension, abduction/adduction, and external/internal rotation of
hip implants were simulated in ABAQUS. An attempt was made to compare
performance of the hip models under normal as well as extreme gait conditions. A set of
two maneuvers at risk of dislocation were selected based on the data represented in the
literature (Kluess et al. 2007, Bergmann, Graichen & Rohlmann 1993). First set
comprised of stumbling and walking normally. The second set comprised of Flexion at
90 combined with 0 abduction and extension at 10 combined with 15 abduction. The
second set of maneuvers were simulated to detect posterior dislocation and anterior
dislocation, respectively. To evalaute the perfromance of hip implant under various gait
conditions, hip joint loads determined clinically as well as experimentally were applied.
Loads applied were as follows: 1)Walking with Fx= 408 N, Fy= -248 N, Fz = 1718N; 2)
Stumbling with Fx = 2490 N, Fy = 1520 N, Fz= 10580 N; 3) Internal rotation with 90
flexion and 0 abduction with Fx = -15 N, Fy = 270 N, Fz= 427.5 N and 4) External
rotation with 10 extension and 15 adduction with Fx = 40 N, Fy = 1244 N, Fz = 340 N
(Kluess et al. 2007, Bergmann, Graichen & Rohlmann 1993). Loads corresponding to
32

weight of a human body (76 kg) were applied at the distal end of the stem to create a
moment for the desired rotations in this study as listed below. Applying loads at the
head of the femoral stem as done by other researchers would nullify the purpose of this
study as no hip motion could be simulated since the cup was considered rigidly fixed
representing its intact position in the illum (Senapathi & Pal 2004, Scifert, Brown &
Lipman 1999, Bell 2008, Nadzadi et al. 2003).
Before importing the solidworks assemblies to ABAQUS, the assemblies were modified
to have minimum instances (parts) . The entire assembly was divided into three major
parts namely; cup, ball and stem. The individual instances were grouped using the Join
parts function in solidworks and imported as parasolid files into ABAQUS. Material
properties of Ti-6Al-4V alloy with Young’s modulus (110 GPa), Poisson’s ratio (0.30)
and Yield strength (1100 MPa) were used to define the material of the models (ASTM
International 2010a). This particular Titanium alloy offers biocompatibility and high
resistance to wear and corrosion with its low elastic modulus to sustain cyclic loading and
bone resorption in artificial hip joints (Dearnley 2005, Long, Rack 1998). Linear
tetrahedral elements type c3D4 with global seed size of 1.5 were used to define the mesh
of the models. In order to imitate the actual hip motion, cup was fixed (encastured) and
the ball was tied with stem under the boundary condtions (*Tie constraint) as shown in
Figures 5 [A-C]. To detect interaction between cup and stem, a surface-to-surface
contact pair was established between them with finite sliding . Where, stem was selected
as the master surface and the inner rim of the cup as the slave. Translational degree of
freedom (DOF) were set free to enable dislocation. Rotational DOF were fixed based on
the plane of desired range of motion. For example, Flexion/Extension along X-Y plane;
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Abduction/Aduction along Y-Z plane and Internal/external rotation along X-Z plane, see
Figures 6 [A-C]. Contact pressure, stress and displacement were described in similar
pattern as discussed in Tables 5 [A-C] in chapter 5.
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(A)

(B)

(C)

Figure 5: A) 4-node linear tetrahedron meshed model B) Boundary Conditions
connecting the ball and the stem C) Boundary condition for a fixed cup.
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(A)

(B)
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(C)
Figure 6: A) DOF in XY plane to allow flexion/extension, B) DOF in YZ plane to allow
abduction/adduction and C) DOF in XZ plane to allow internal/external rotation.
U1, U2, U3 in above figures refer to x, y, and z directions, respectively.
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4. Results
This chapter discusses the results obtained from theoretical model, and finite element
method. The first section reveals the results of theoretical modeling. The second section
reveals the results of finite element modeling.
4.1 Theoretical Model Analysis

Theoretical ranges of motion of hip models were measured from the track of prosthetic
cone, see Appendix [A.3]. Impingement was detected if the starting point of desired
range of motion intersected the track of prosthetic cone (Yoshimine & Ginbayashi 2002).
The theroretical range for six basic hip motions was as follows: flexion ranged from 0122 , 0-17° for extension, 0-43° for abduction, 0-40° for adduction, 0-63° for internal
rotation and 0-30° for external rotation, respectively. Higher theoretical RoM values are
in accordance with the goal of designing the prosthetic implants to contain the normal
RoM. These ranges were higher compared to others, where flexion ranged from 0-120°
and 0-15° of extension, 0-55° of abduction and 0-35° of adduction, 0-70° of internal
rotation and 0-90° of external rotation (Widmer & Majewski 2005, D'Lima et al. 2000,
Lewinnek et al. 1978). Table 2 summarizes the design parameters used for the cup, stem,
head and compares RoM deduced from this study to previous work (Widmer &
Majewski 2005). Cup inclination ranged between 19 -63 , cup anteversion ranged
between 13 -22 and stem torsion ranged between 21 -33 , respectively. Four out of 12

38

models had no impingement under the six motions of hip. The design parameters and
RoM of these models have been listed in Table 3.
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Model
Part

Design Parameter

Range of
Motion

Range of Motion
(Widmer & Majewski 2005)

(Present Study)
Cup

Stem

Inclination(CI)

19-63

20-50

Anteversion(CA)

13-22

(-20)- 50

Neck-Shaft-Angle
(NSA)

127-145

110-150

Neck diameter

10-18mm

12mm

Stem Offset( S )

21-39mm

53.6mm

Stem Antetorsion(SA) 21-33
Head

(-15)-40

Head diameter

20-40mm

28mm

Head/Neck Ratio(R)

1.11- 4.0

2.33

Table 2: Range of motion derived from theoretical method
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Flex

Abduct

Adduct

-ion

20

122

14.37
14.14

model
No.

R

NSA

CI

CA

-ion

Exten
-sion

-ion

Internal
rotation

External
rotation

7

3.2

143

29.98

16.28

125

40

45

67

21

8

2.29

138

50

20.25

18

43

43

63

30

10

4.0

127

62.83

125

20

45

45

67

45

12

2.2

130

35

122

18

45

38

63

18

Table 3: Design parameters and RoM of models that did not impinge in theoretical method
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4.2 Finite Element Analysis

A surface-surface interaction between the femoral head and acetabular cup was analyzed
to detect impingement between these articulating surfaces in the hip implants.

For

contact analysis, displacement, contact pressure, and misses stresses at the intersection
point of cup-stem were evaluated for the impingement location. The criterion, if the
contact pressure at the surface of interaction exceeded the yield strength of material under
loading conditions was assumed as the failure to prevent impingement. Contact pressure
was defined as a function of the clearance between the surfaces (Abaqus Theory Manual),
see Appendix [A.4]. Tables [4A-4C] enlist the maximum values of these parameters. As
discussed in section 3.2, loading conditions are defined with coordinates of the plane in
which desired rotation is measured. For example, walkxy_1 defines flexion/extension
(XY plane) under walking for model 1, walkyz_1 define abduction/adduction (YZ plane)
under walking for model 1, and walkxz_1 defines rotations (XZplane) under walking for
model 1 in Table 4[A]. Similarly, desired rotations are defined for stumbling in Table
4[B]. Table 4 [C] lists only extension and flexion for the ten models. Two (model # 2,
model # 9) of the 12 models failed to converge while initial meshing, due to numerical
singularities associated with their geometries. It was evident that the contact pressure and
stress concentrations at the intersection point would be higher than the other contact
points as seen in Figures 7 [A-C]. Stumbling induced ~2.5 times higher displacement, 2
times higher stress and ~4 times higher contact pressure in all the hip models when
compared to walking normally. Under extreme gait cycle, flexion at 90 induced higher
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contact pressure than extension. In general, displacement ranged from 1.6E-09-0.0069
mm2, stresses ranged from 0.6-190 MPa and contact pressure ranged from 1.5-1083 MPa.
There was no impingement in any movements of hip in either of the loading conditions in
the remaining 10 models.
There are discrepancies between the results of these two methods, as to which models
impinged. It is essential to note that the theoretical model does not account for loads
where as the finite element method does account for different loads under the gait cycle.
For ideal scenarios, loading condition shall be accounted for accurate representation of
the hip motions in ADL. At this point of time, it is difficult to confer if any of the above
methods is superior in determining impingement free range of motion. A conclusion
without experimental validation to these ranges would be vague.
development of a prediction profile as described in the next chapter.
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This lead to

(A)

(B)
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(C)

Figure 7: A) Maximum Displacement B) Maximum Stress C) Maximum Contact
Pressure sites during hip rotations deduced from Finite Element Analysis of 10 models.
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Walk

UT
Smises Cpress
mm
MPa
MPa
walkxy_1
0.000826
35.10 198.61
walkxy_3
0.000249
8.20
45.00
walkxy_4
0.00015
6.60
57.00
walkxy_5
0.000167
9.10
51.00
walkxy_6
0.000374
7.69
21.85
walkxy_7
0.000146
4.30
47.00
walkxy_8
0.000231
4.79
15.95
walkxy_10
0.0028
90.00 275.00
walkxy_11
0.0011
23.00
74.00
walkxy_12 0.000182
2.90
12.00
walkyz_1
0.000102
3.00
18.00
walkyz_3
0.000065
1.00
4.60
walkyz_4
0.00006
0.84
3.50
walkyz_5
0.00012
2.90
11.00
walkyz_6
0.00009
1.70
5.70
walkyz_7
0.000068
1.00
5.90
walkyz_8
0.000057
0.82
4.40
walkyz_10
0.00074
20.00
62.00
walkyz_11 0.000134
1.90
17.00
walkyz_12 0.000061
0.70
4.30
walkxz_1
0.000114
6.52
24.20
walkxz_3
0.000076
2.00
5.90
walkxz_4
0.000038
1.60
5.20
walkxz_5
0.000084
5.10
12.00
walkxz_6
0.00011
3.40
10.00
walkxz_7
walkxz_8

0.000048
0.000046

1.90
1.00

6.60
4.20

walkxz_10
walkxz_11
walkxz_12
average
max

0.000077
0.000103
0.000048
0.000282
0.0028

2.00
2.40
1.10
8.42
90.00

5.40
8.50
5.00
34.03
275.00

(A)
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Stumble
stumble_xy_1
stumble_xy_3
stumble_xy_4
stumble_xy_5
stumble_xy_6
stumble_xy_7
stumble_xy_8
stumble_xy_10
stumble_xy_11
stumble_xy_12
stumble_yz_1
stumble_yz_3
stumble_yz_4
stumble_yz_5
stumble_yz_6
stumble_yz_7
stumble_yz_8
stumble_yz_10
stumble_yz_11
stumble_yz_12
stumble_xz_1
stumble_xz_3
stumble_xz_4
stumble_xz_5
stumble_xz_6
stumble_xz_7
stumble_xz_8
stumble_xz_10
stumble_xz_11
stumble_xz_12
average
max

UT
Smises
mm
MPa
0.00448 190.57
1.6E-09
51
0.000882
40
0.001
56
0.0022
45
0.00085
24
0.0013
42
0.0044
142
0.0069
139
0.0011
16
0.000551
16
0.00039
5.6
0.000366
5.1
0.000805
20
0.000471
6.8
0.000412
6.1
0.00035
5
0.0024
61
0.000817
11
0.000374
4.2
0.000696
40
0.000431
10
0.000228
9.4
0.000516
31
0.00061
19
0.000322
12
0.000272
5.7
0.000356
8.7
0.000631
15
0.000284
6.3
0.001146
34.78
0.0069 190.57
(B)
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CPress
MPa
1083.31
284
343
311
115
272
86
469
453
70
96
19
21
71
24
35
27
183
101
26
148
32
31
72
56
39
25
24
52
30
153.28
1083.31

Extreme UT
Smises Cpress
(mm)
MPa
MPa
0.000185
7.88
44.55
Ext_1
0.00005
1.60
9.10
Ext_3
0.000022
0.99
8.60
Ext_4
0.000033
2.00
11.00
Ext_5
8.74E-05
1.92
6.04
Ext_6
0.00003
0.90
9.60
Ext_7
0.000047
0.99
3.30
Ext_8
0.000308
7.26
53.72
Ext_10
0.000224
4.87
14.87
Ext_11
0.000037
0.66
1.50
Ext_12
0.00019
8.1
46
Flx_1
0.000063
2.1
11
Flx_3
0.000038
1.7
15
Flx_4
0.000042
2.4
13
Flx_5
0.000097
2.1
6.6
Flx_6
0.000037
1.1
12
Flx_7
0.000059
1.2
4.2
Flx_8
0.000774
26
80
Flx_10
0.000279
5.8
18
Flx_11
0.000046
0.83
3.2
Flx_12
0.000132
4.02
18.56
average
0.000774
26.00
80.00
max
(C)
Table 4: FEM results of 10 models: A) Displacement, Stress and Pressure under static
simulation of normal walking B) Displacement, Stress and Pressure under static simulation
of stumbling

C) Displacement, Stress and Pressure under static simulation of extreme

flexion and extension.

In the tables, UT refers to displacement, Smises refers to stress, and Cpress refers to
contact pressure induced on the models.
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5. Prediction Profile
This chapter discusses a new approach to study the influence of cup-stem orientation on
design parameters for optimal RoM. The first section describes the development of
multivariate model in statistical software JMP® 8.0 (Cary, NC). The second section
describes the development of predictive profile and its validation with previous methods.
5.1 Multivariate model

A generalized model was developed in this section to achieve an optimal orientation of
cup-stem with respect to the design factors. A multivariate model was developed in
JMP 8.0 using restricted maximum likelihood method (REML) for estimating the
correlations between various design factors; NSA, R, OsA, S , CI, CA and SA. One of
the aims of this study was to anaylze interactive effects of design parameters on cupstem orientations. In order to study the interactive effectes between these variables
pairwise correlations were created using Pearson product-moment, see Appendix [B].
For accuracy of predictive model, only pairwise correlations with significant probabilities
were accounted as listed in Table 5. Identified below are the predictive cup-stem
orientations in terms of the chosen design parameters. For details on model generation,
refer Appendix [C].
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= 3.68 -0.66 R + 0.01 OsA + 0.12 NSA – 0.09 S
(Equation 1)
= 464.41 + 4.66 R + 0.02 OsA – 2.49 NSA – 3.04 S
(Equation 2)

(Equation 3)
Where;
R = H/N ratio, NSA=Neck Shaft Angle, OsA = Oscillation Angle and S = Stem
Offset.
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Variable

by Variable

Correlation (R)

Predicted Stem antetorsion

Head-Neck ratio

0.56

Oscillation angle

Head-Neck ratio

0.88

Predicted Stem antetorsion

Stem offset

-0.86

Predicted cup anteversion

Stem offset

0.86

Stem Offset

Neck shaft angle

-0.75

Predicted stem antetorsion

Neck shaft angle

-0.96

Predicted cup anteversion

Neck shaft angle

0.97

Predicted stem antetorsion

Predicted cup anteversion

-0.99

Table 5: Table demonstrating significant correlation between various design parameters
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5.2 Profile generation

A prediction profiler was created to provide a visual representation of how cup-stem
orientations namey: CI, CA and SA fluctuate when four design factors namely: NSA, R,
OSA and S varied. The current value of design factors (X axis) is indicated by the
vertical dotted line and the current value of cup-stem orientation (Y axis) is indicated by
horizontal dotted line. The dotted curves represent the confidence intervals for predicted
values. The open triangle in Figure 8, shows the optimal position of predicted values of
implant design model #8. Optimal implant orientations for, a fixed NSA = 137.54, R =
2.28, OSA=111, S = 31.11 mm were CAPredicted = 16.39° + 2.37, CIPredicted = 39.59° +
12.94 and SAPredicted = 29.43° + 3.39, respectively. Similiar, prediction profiles for the
other ten design models were generated that provide critical parameters which are
included in the Appendix [D]. Theoretical modeling analysis found 4 out of 12 design
models to provide impingement free RoM during initial simulation of prosthetic cone, see
Table[3] . Prediction profiles of those models were taken into account to find the optimal
value of design parameters. The average values of design parameters for those profiles
were as follows: NSA = 139.25°, R= 3.08, OsA= 119.83°, S = 34.45 mm, CAPredicted =
16.26°, CI Predicted = 42.77° and SA Predicted = 30.37°, respectively.
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Figure 8: This figure illustrates the predictive profiler for optimal range of motion for
model 8.
Various design parameters such as H-N ratio, oscillation angle, neck shaft angle and stem
offset are plotted on independent axis (X axis) which influence cup-stem orientations as
indicated on the dependent axis (Y axis). Sensitivity triangles (purple color) on the black
line indicate the optimal range of motion at the particular value of chosen design
parameters, the dashed bisecting lines (red color) indicate the value of chosen design
parameters and the curved dashed lines (blue color) indicate the upper and lower
boundary limits for the optimal range of motion.
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Model

Predicted
R

OsA

CA

CI

SA

SA

1

2

104.72 143.64 32.19 13.87 17.75

19.3

20.3

33.04

28.22

3

1.11 45.1

140.63 25.47 15.66 17.98

50

42.88

30.49

27.62

4

2.6

143.48 23.95 16.97 18.21

58.87

48.81

28.61

27.6

5

1.86 100.04 139.23 21.72 14.95 18.21

62.83

62.36

31.5

27.52

6

1.44 80.93

17.53

19.12

37.75

25.14

28.42

7

3.2

125.56 142.92 32.04 16.28 17.88

29.98

22.96

29.6

28.11

8

2.29 111.52 137.43 31.09 20.25 16.98

50

40.59

23.93

29.34

10

4

62.83

70.77

32.33

32.65

11

2.86 121.32 130.98 36.15 14.71 15.47

20

44.13

31.84

31.53

12

2.22 110.4

35

36.77

32.66

31.37

138.69 29.49 19.4

CA

Predicted

CI

118.1

NSA

S

No.

Predicted

131.81 127.16 35.32 14.37 14.71

130.34 38.01 14.14 15.55

Table 6: Comparison between the cup-stem orientations derived from profile and those
measured from theoretical method.

Note: model #2 and #9 failed to converge while meshing and hence excluded in this
table. Suffix-Predicted indicates values from profile.
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Lastly, cup-stem orientations for each of the 10 models were recroded from the profiler,
see Table [6]. Where, the suffix predicted refers to cup-stem orientations from profile. A
bivariate fit Y by X plot was generated in order to validate the accuracy of cup-stem
orientations derived from prediction profile (Y-axis) compared to the ones already
measured in CAD tool (X- axis). A six degree polynomial fit was applied using least
square regression, and the respective equations are summarized below, see Appendix [E].
Deviations in measured cup-stem orientations compared to predicted ones are minimum
as seen in equations [4-6] and shouldnot have any significant effect on the optimal RoM.
Predictions for cup anteversion and stem antetorsion had R2 value of 0.79 whereas cup
inclination had R2 value of 0.88.
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(6o Polynomial fit with R2 =0.79) (Equation 4)

(6 o Polynomial fit with R2 =0.88) (Equation 5)

(6 o Polynomial fit with R2 =0.79) (Equation 6)
Where;
,

,

Using the above prediction model optimal cup and stem orientations for any given
prosthetic implant design can be predicted. In real life product development cases,
multiple responses are desired compared to the ones discussed above. Desirability
functions of the prediction profiler may be used to modify the design parameters, set
target values and evaluate the desired changes. These models may be further developed to
be applicable in the operating room to perform hip navigation for optimal component
palcement. The predictive model may be used to evalaute the impact of

design

parameters on component placement and vice versa. Use of predictive model would
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ensure optimal prosthetic design and component placement both aspects of desiging and
pre-operative planning
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6. Discussion
This chapter discusses the inferences from the derived results. Section 6.1 discusses the
inferences from theoretical method, section 6.2 discusses the inferences from finite
element analysis and section 6.3 discusses the inferences from predictive profile.
6.1 Theoretical Method

Range of motion in hip implants was measured by anaylzing four different design
parameters: head-neck ratio (R) , neck shaft angle (NSA) , oscillation angle (OsA) and
stem offset (S

instead of using a fixed value as done by other researchers (Widmer &

Majewski 2005, D'Lima et al. 2000, D'Lima et al. 2000, Yoshimine 2005, Kummer et al.
1999, Poitout, Reinat & Karl-Goran 2004). The results of RoM achieved in this study
were similiar with literature values as summarized in Table 1 (Widmer & Majewski
2005).
Cup inclinations in this study ranged between 19 - 63 .

A cup inclination of

approximately 45 is considered safe by other researchers who have studied impingement
and dislocation earlier (Hisatome & Doi 2011, D'Lima et al. 2000, Biedermann et al.
2005, Muller 1970).

Cup inclinations ranging from 40 - 42 were reported using

mathematical formulation for combined anteversion and antetorsion (Widmer & Zurfluh
2004).

Hisatome et al. reported that the optimal RoM increases with rise in cup

inclinations from 35 to 55 .

However, cup inclinations higher than 50 are not

recommended to avoid higher stress and wear rates as suggested earlier (Hisatome & Doi
2011, Angadji et al. 2009). The average cup inclination was 41 in this research for
optimal RoM.
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Cup anteversions in this study ranged between 13-22 and stem antetorsions ranged
between 21-33 . As discussed earlier, several studies which have used mathematical
formulation to predict the combined cup-stem orientation have cup anteversion ranging
between 5-25

and stem torsion ranging between 25-35

(Ranawat, Ranawat &

Rasquinha 2004, Yoshimine 2006, Yoshimine 2006, D'Lima et al. 2000, Yoon et al.
2008, Widmer & Zurfluh 2004, Jolles, Zangger & Leyvraz 2002, Seki, Yuasa & Ohkuni
1998). The average values of cup anteversion and stem antetorsion in this study were 16
and 29 respectively. The prospect of using larger anteversion angles were tested to
improve the joint stability and avoid impingement by other researchers (HE Rong-xin et
al. 2007, Scifert, Brown & Lipman 1999, Jaramaz et al. 1998, Ali Khan, Brakenbury &
Reynolds 1981, Nadzadi et al. 2002, Scifert et al. 2001). Variations in the results
reported earlier were due to inconsistency of the definitons used for the cup-stem
orientations. Hence, a unifomation in defining those terms is needed to derive a common
conclusion for the optimal range (Ko & Yoon 2008).
Neck shaft angles in this study ranged between 127-145 . Optimal cup-stem orientations
were achieved when the NSA ranging from 130-140 . This range was higher compared to
the values found in the literature from 125-131 (Widmer & Majewski 2005).

Stem offset in this study ranged between 21- 39 mm. Larger offsets have advantages, in
that they increase the

lever arm for muslce power (Widmer & Majewski 2005).

However, in practice larger offsets induce more stress inside femur thereby increase the
risk of loosening (McGrory et al. 1995). Average stem offset in this research was 31
mm.
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Four head diameters tested in this study were 20, 26, 32, and 40 mm, respectively. Neck
diameters tested in this study were 10, 14, and 18 mm, respectively. Prior finite element
and clinical studies performed used 22 mm - 32 mm head diameters. There have been
discrepancies as to which head diameters had low impingement among these studies
(Amstutz et al. 1975, Scifert, Brown & Lipman 1999, Yoshimine 2006, Chandler et al.
1982, Krushell, Burke & Harris 1991, Widmer & Zurfluh 2004, Ali Khan, Brakenbury &
Reynolds 1981, Callaghan et al. 2002). In the present research, R was varied from 1.11
to 4.0 and its influence on various cup-stem orientations was investigated unlike other
researchers (Yoshimine 2006, Widmer & Majewski 2005, D'Lima et al. 2000, Krushell,
Burke & Harris 1991, Lewinnek et al. 1978) who fixed the R to 2.22 or 2.3. It was
evident from the primary theoretical model that implants with NSA higher than 135 and
R lower than 2.3 can offer an impingement free RoM, as seen for hip model 8 in Table 3.
Its R was lower than 2.3 and NSA was higher than 135 , contrasting to the result of
reviewed literature (Widmer & Majewski 2005).

The average theroretical range for six basic hip motions in this study was as follows:
122 flexion, 17° EXT, 43° ABD, 40° ADD, 63° IR and 30° ER, see Appendix [A.3].
Researchers in the past have reported 120 -130 FL, 30 -40 EXT, 50 ABD, 50 ADD,
30 -80 IR, and 40 -60 ER (Hisatome & Doi 2011, Yoshimine 2006, Widmer &
Majewski 2005). The current study considered for two extreme cases of dislocation
along with the above criteria as seen in the next section. However, since every patient
has different anatomy and slightly different surgical techniques used in THA, it would be
inappropriate to conclude that fulfilling these ranges would prevent impingement in THA
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(Hisatome & Doi 2011, Widmer & Majewski 2005, Ko & Yoon 2008, Rittmeister &
Callitsis 2006).
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6.2 Finite Element Method

In this study, impingement was defined as the mechanism, which damages rim of the cup
when the femoral head collides to it. The failure criteria that, impingement occurs in the
hip implants if contact pressure exceeded the yield strength of material, was used in the
present study (Kluess et al. 2007). Surface stresses developed at hard-on-hard THA
contact sites are highly sensitive to component orientation. The extremely high stress
levels computed here are among the most severe hip rotations.
Contact forces applied under stumbling were 6 times higher than walking (Bergmann,
Graichen & Rohlmann 1993). Hence, stumbling produced maximum contact pressure as
seen in Figure 9[A]. Contact pressure was highest during flexion/extension movements
as seen in Figure 9 [A]. There was no impingement/dislocation in either of the extreme
motions of flexion or extension; however, contact pressure was higher under flexion
when compared to extension as seen in Figure 9 [B]. Similar results were reported earlier
for hip flexion (Herrlin et al. 1988). None of the models impinged under the loading
conditions; however, peak contact pressure (1083MPa)

for model#1under stumbling

reaching close to yield strength of material (1100 MPa). One of the possible reasons
behind high contact pressure in model 1 would be due to combination of low HD (20
mm) and low ND (10 mm), see Figure 10 [A-B].
Minimum contact pressure and stress should develop in THA to avoid impingement or
dislocation as emphasized by others (HE Rong-xin et al. 2007, Yamaguchi et al. 2000,
Scifert, Brown & Lipman 1999, Chandler et al. 1982, Nadzadi et al. 2002, Herrlin et al.
1988). Researchers in past have performed optimization on HD and H-N ratio to avoid
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impingement/dislocation (Amstutz et al. 1975, Scifert, Brown & Lipman 1999,Widmer &
Majewski 2005, D'Lima et al. 2000, Krushell, Burke & Harris 1991, Ali Khan,
Brakenbury & Reynolds 1981, Scifert et al. 2001, Callaghan et al. 2002, Cinotti et al.
2011). In the present study, hip models with 20 and 40 mm HD when coupled with 14
and 10 mm ND, respectively, induced highest contact pressure, stress, and displacement.
Under all loading conditions, hip model with HD-ND (26-18) and HD-ND (40-18)
induced minimum contact pressure as shown in Figure 10[A-B]. This is in accordance
with safe zones developed in previous study on HD and ND for hip instability (Bhatt
2008).
If HD is considered as the design factor to be optimized, both theoretical and FEM
method showed contact pressure and stresses were lower at the cup-stem interaction for
26 mm and 40 mm head diameters. Simialiarly, 14 mm and 18 mm neck diameters
induced the least stress in all the loading conditions under the six hip motions. A
decrease in stress and contact pressure was seen when neck diameters were kept constant
(14, 18) and head diameters (26, 40) was increased as noted by other researcher (HE
Rong-xin et al. 2007). Chandler reported increasing head diameters and lower head-neck
ratio would lower the stresses on articulating surface(Chandler et al. 1982). However,
least stresses were induced when a higher head diameter articulated with a higher neck
diameter stem (40/18).
FEM results show the hip model with

H-N 2.29 and NSA greater than 135 may not

necessarily impinge as seen in the theoretical approach, Appendix [A.2] . Using larger
diameters and optimized head-neck ratios increase the probability of achieving optimal
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RoM. Yet, as seen from the above results in the present study, the decision to optimize
just those design parameters is inconclusive. Hence, it is inferred that impingement
studies shall not be restricted to optimizing single design factor.
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Figure 9: A) Comparing Contact Pressure under Walking and Stumbling.
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(A)

(B)

Figure 10: One-Way Anova for Maximum contact pressure based on A) Head
Diameter B) Neck Diameter.
Models with head diameter with 26-32 mm and neck Diameter with 14-18 mm induced
the least contact pressure.
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6.3 Predictive Profile

A multivariate model was developed to to
parameters on cup-stem orientations.

anaylze interactive effects of design

Correlations between OsA-R, SAPredicted –R;

SAPredicted - S , CAPredicted - S ; CAPredicted - NSA, SAPredicted -NSA, S -NSA and SA-CA
were the most significant ones in the multivariate model as shown in Table 5. Since cupstem positions are mutually dependent, their relative orientations shall also be dependent
on each other. To verify this assumption various overlay plots were created with the
design parameters. As seen in Table 1, OsA increases with the increase in HD, when the
ND is kept constant and OsA decreases as the ND increases, when HD is kept constant.
It is inferred from the overlay plot Figure 11[A], that R not only influences the OsA as
stated earlier but also affects SA (Yoshimine 2005).
NSA is believed to be influenced by R and often linked to achieve impingement free
RoM (Widmer & Majewski 2005). Yet, from the multivariate model of this study, the
pairwise correlation of the two was not significant. An overlay plot Figure 10[B], was
created with CAPredicted, SAPredicted and S on the dependent axis (Y-axis) and NSA on
the independent axis (X-axis). CAPredicted was found linearly correlated to NSA (R =
0.97) and SAPredicted was linearly correlated to NSA (R = -0.96). It was inferred from the
multivariate model (Table 5) that CAPredicted-NSA was the most significant positive
correlation. This leads to a conclusion that stems with higher NSA achieve higher CA
but lower SA. However, NSA greater than 140 is not recommended in THA. The linear
relationships with neck shaft angle are in accrodance to results derived to achieve optimal
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RoM (Widmer & Majewski 2005, Widmer & Zurfluh 2004). In Figure 11[B], stem offset
decreases as NSA angle increases which is normally desired to provide bending
movement without changing leg length of the femoral prosthesis and with low stress
(Widmer & Majewski 2005, Matsushita et al. 2010). Researchers in the past have defined
safe zones for cup inclination with 45 to avoid impingement/ dislocation (Hisatome &
Doi 2011,Widmer & Majewski 2005, D'Lima et al. 2000, Biedermann et al. 2005, Muller
1970). Most implant designs aim at lowering CI as it prevents the risk of posterior
dislocation by keeping the prosthetic head as closely attached to the socket, however the
CI-NSA was not significant correlation in the multivariate model. As seen in Figure
11[C], both CA Predicted and SAPredicted remain constant for S ranging from 25-30 mm, but
as S increases from 30-35 mm there is a contrasting effect on CA Predicted (decreases) and
SAPredicted (increases). The counter reactive effects of CA and SA re-emphasized the
linear relation between the two as reported earlier (Widmer & Zurfluh 2004). While,
higher S

is desirable to avoid bony impingement, the decrease in cup anteversion angle

would lead to instability and hence higher stem offsets should be avoided (HE Rong-xin
et al. 2007, Nadzadi et al. 2002).
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Figure 11A) Interactive effect of head-neck ratio.
As the H-N ratio increases, predicted stem antetorsion and oscillation angle increases
gradually. They remain constant between R (2.00-3.00).

Figure 11B) Interactive effects of Neck shaft angle.
As NSA increases from 130 -138 , there is gradual decrease in stem offset and stem
antetorsion whereas there is a gradual increase in cup anteversion.
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Figure 11C) Interactive effect of stem offset.
As stem offset increases 32-35 mm, cup anteversion decreases whereas stem antetorsion
increases.
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7. Conclusion
In this chapter, first section summarizes the conclusions derived from the results and the
second section directs towards the possibilities for future research on this work.
7.1. Conclusions

Geometrical design parameters and cup-stem orientations were analyzed for predicting
impingement free range of motion in Total Hip Arthoplasty. Implant orientations highly
rely on design parameters of the implant. Optimizing design parameters nor setting safe
zone for desired cup-stem orientations alone would lead to impingement free range of
motion. To maximize an impingement-free range of motion, a specific combination of
cup anteversion, cup inclination, stem antetorsion, neck shaft angle, cup abduction, cup
anterior opening, head-neck ratio, oscillation angle, stem offset, patient activity,
anatomical geometries, and surgical approach must be considered.

A generalized

approach to understand their inter-dependence as developed in this study. It would enable
selecting the desired design parameters and optimal orientations for impingement free
range of motion. The following inferences were made:
i.

Stems with higher head-neck ratio can achieve higher osciallation angle
and higher stem antetorsion. Stems with head-neck ratio lower than 2.2
and neck shaft angle greater than 135 did not impinge.

ii.

Stems with higher neck shaft angle allows higher cup anteversion, when
combined with low stem offset and stem antetorsion.
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iii.

Stems with higher offset generates higher stem antetorsion and less cup
anteversion.

iv.

Stems with head diameters of 26 mm and 40 mm and neck diameter of 18
mm induced least contact pressure under varying loading conditions.
Stems with head-neck ratio of 1.44 and 2.22 induced the least stress for
the given models.

v.

Predictive profiles enable selecting optimal design parameters that provide
desired cup-stem orientations.

7.2 Recommendations for Future Work

Recommendations made for continuation of this research are as follows:
i.

Experimental analyses to validate the finite element modeling results

ii.

Designing new models with liners and test different materials

iii.

Repeating the simulations in this project accounting for bone-implant
interface under dynamic loading

iv.

Graphical user interface (GUI) for navigation system
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Appendix
Appendix A

Appendix (A.1) shows the 3D hip models used in this study, (A. 2) gives graphical
representation of the prosthetic cone and mathematical criteria used for impingement
used in theoretical method and (A.3) tabulates the range of motion as mentioned in
section 3.1, 4.1, 6.1, 6.2.
[A.1] Hip models studied in this study (Bhatt 2008).
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[A.2]. Pictorial representation of Prosthetic cone

Adopted from (Yoshimine & Ginbayashi 2002)

(Yoshimine & Ginbayashi
2002)*.
A) Points IR and ER mark the impingement location in internal and external rotations,
respectively.
B) Points ADD and ABD mark the impingement location in adduction and abduction,
respectively
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C) Here, Points L and M mark the impingement location in flexion and extension,
respectively.
Mathematical criteria for impingement
When the start point is out of the range of the prosthetic ROM cone, it is impossible to
get the ROM. Adopted from (Yoshimine & Ginbayashi 2002)*.
 In FLX/EXT there is no impingement if
D= (1- sin2α. cos2β) (1-cos2a. cos2b)- (cos ( /2) - sinα.cosβ.cosa.cosb)2 < 0
 In AB/ADD there is no impingement if :
D= (1- cos2a. sin2b) * cos2β - (cos ( /2) + sinβ.cosa.sinb)2 < 0
 In IR/ER there is no impingement if:
D= (1- cos2α. cos2β) * cos2a - (cos ( /2) - cosβ.cosα.sina)2 < 0
Where;
o
o
o
o
o

#

α: Cup Abduction
β :Cup inclination
a: Neck shaft angle angle
b: Anteversion angle
= oscillation angle

D
Impinged?
-0.06 No

7
-0.15 No
8
-0.17 No
10
-1.00 No
12
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Basic table template created in excel sheet for determining impingement using the above
formula. Here D relates to intersection point of the plane and cone, mathematically
reproduced in the equations mentioned above.
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[A.3]. Range of Motion derived from theoretical model

#

flexion extension abduction adduction internal rotation external rotation
1
123
15
40
35
63
45
2
120
15
45
35
58
21
3
120
15
45
35
58
18
4
120
15
45
43
67
45
5
123
18
40
35
63
30
6
120
18
40
38
58
18
7
125
20
40
45
67
21
8
122
18
43
43
63
30
9
121
15
45
38
63
18
10
125
20
45
45
67
45
11
123
18
43
43
63
45
12
122
18
45
38
63
18
Range of motion measured in hip implants for this research study. *Angles are measured
in degrees.
Reference
Yoshimine, F. & Ginbayashi, K. 2002, "A mathematical formula to calculate the
theoretical range of motion for total hip replacement", Journal of Biomechanics, vol.
35, no. 7, pp. 989.
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Appendix A.4

Selecting surface –surface interaction for contact pair
The surface-based contact approach is used to model the interactions between the bodies,
where one surface definition provides the ―master‖ surface and the other surface
definition provides the ―slave‖ surface. Both surfaces can be deformable, or one can be
rigid. (Abaqus Theory Manual, Chapter 6.4.1 Pressure penetration loading with surfacebased contact)
Output requests for Contact interactions
For contact analysis, surface variables associated with contact pairs to be written to the
data and results files were called with contact pressure (CPRESS) output requests.
(Abaqus Analysis User’s Manual, Chapter 4.1.2 Output to the data and results files).
(Abaqus Theory Manual )Contact Pressure Definition

When surfaces are in contact, any contact pressure can be transmitted between them. The
surfaces separate if the contact pressure reduces to zero. Separated surfaces come into
contact when the clearance between them reduces to zero. Contact pressure between two
surfaces was defined as a function of the ―overclosure‖ hmax

, of the surfaces (the

interpenetration of the surfaces). The contact pressure-overclosure relationship can allow
up to n points on a surface to ―overclose‖ by a certain distance,
pressure is transmitted. If the overclosure exceeds

, before contact

, the contact state is changed

from open to closed, the slave node is moved back to the master surface, and ―hard‖
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contact is enforced. The contact constraint is enforced with a Lagrange multiplier
representing the contact pressure. For soft contact, contact pressure is expressed
exponentially in terms of separation distance. Two models for p = p(h) are provided as
described below.
In ―Hard contact ‖ case

In ―soft-contact‖ case

The user defines an initial contact distance, , and a typical pressure value,
is the pressure value at zero overclosure (
). Then, we define
P=0

for h ≤ -c,

P=

for h > -c,

To avoid numerical difficulties at high penetration (

, which

), a linearized pressure-

overclosure relation with continuous slope is used. (Abaqus Theory Manual, Chapter
5.2.1. Contact pressure definition)
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Appendix B

This appendix lists the multivariate correlation for cup-stem orientations and their
relative probabilities as discussed in section 5.1.
Significant
Variable
by Variable
Correlation Probability
Predicted_CI
OsA
0.1563
0.6277
Predicted_CI
Offset
-0.2455
0.4418
Predicted_SA
Predicted_CI
0.274
0.3888
Predicted_CI
Predicted_CA
-0.2762
0.3849
Predicted_CI
H-N
0.3391
0.2809
Nsa
OsA
-0.3629
0.2463
Offset
H-N
0.4126
0.1826
Predicted_CI
Nsa
-0.4158
0.1788
Nsa
H-N
-0.4301
0.1628
Offset
OsA
0.4442
0.148
Predicted_CA
OsA
-0.4756
0.1181
Predicted_SA
OsA
0.5188
0.0839
Predicted_CA
H-N
-0.5419
0.0688
Predicted_SA
H-N
0.576
0.0500*
OsA
Nsa
-0.7497
0.0050*
Predicted_CA
Offset
-0.8594
0.0003*
Predicted_SA
Offset
0.861
0.0003*
OsA
H-N
0.8834
0.0001*
Predicted_SA
Nsa
-0.9594
<.0001*
Predicted_CA
Nsa
0.9666
<.0001*
Predicted_SA
Predicted_CA
-0.9982
<.0001*
*Multivariate correlations with significant probabilities are marked with asterisk
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Appendix C

This Appendix represents the model generation of predictive equations [1-3] mentioned
in section 5.1. The second section includes the matlab code used to execute these
equations for the values of cup-stem orientations.
C.1 Model statistics developed in JMP.

Least Squares Fit Response anteversion
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)
Analysis of Variance
Source
DF
Model
Error
C. Total

4
7
11

0.268598
-0.14935
2.831645
16.39
12

Sum of
Squares
20.612096
56.127504
76.739600

Parameter Estimates
Term
Estimate
Intercept
3.6830148
H-N
-0.657642
OSA
0.0087919
nsa
0.1170124
offset
-0.091607

Mean Square

F Ratio

5.15302
8.01821

0.6427
Prob > F
0.6492

Std Error
35.40714
2.317155
0.078904
0.219026
0.23832

t Ratio
0.10
-0.28
0.11
0.53
-0.38

Prediction Expression for anteversion [Equation 1]
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Prob>|t|
0.9201
0.7848
0.9144
0.6097
0.7121

Response inclination Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

Analysis of Variance
Source
DF
Model
Error
C. Total

4
7
11

0.498809
0.212414
15.46348
40.39667
12

Sum of
Squares
1665.8779
1673.8339
3339.7119

Parameter Estimates
Term
Estimate
Intercept
464.41042
H-N
4.6579631
OSA
0.0209458
nsa
-2.4941
offset
-3.048019
Effect Tests
Source
Nparm
H-N
OSA
nsa
offset

1
1
1
1

Mean Square

F Ratio

416.469
239.119

1.7417
Prob > F
0.2447

Std Error
193.3567
12.65387
0.430893
1.196088
1.301455

DF
1
1
1
1

t Ratio
2.40
0.37
0.05
-2.09
-2.34

Sum of
Squares
32.4011
0.5650
1039.7178
1311.5689

Prediction Expression for inclination [Equation 2]
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Prob>|t|
0.0473*
0.7237
0.9626
0.0755
0.0517

F Ratio

Prob > F

0.1355
0.0024
4.3481
5.4850

0.7237
0.9626
0.0755
0.0517

Response stem torsion Analysis of Variance
Source
DF
Sum of
Mean Square
Squares
Model
4
42.07023
10.5176
Error
7
114.52100
16.3601
C. Total
11
156.59122
Parameter Estimates
Term
Estimate
Intercept
47.61598
H-N
0.9422736
OSA
-0.012688
nsa
-0.167253
offset
0.1308324
Effect Tests
Source
Nparm
H-N
OSA
nsa
offset

1
1
1
1

Std Error
50.57613
3.309861
0.112708
0.31286
0.34042

DF
1
1
1
1

t Ratio
0.94
0.28
-0.11
-0.53
0.38

Sum of
Squares
1.3259328
0.2073317
4.6755674
2.4164980

0.6429
Prob > F
0.6491

Prob>|t|
0.3778
0.7841
0.9135
0.6095
0.7121

F Ratio

Prob > F

0.0810
0.0127
0.2858
0.1477

0.7841
0.9135
0.6095
0.7121

Prediction Expression for stem antetorsion [Equation 3]
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F Ratio

C.2 Matlab code

% Matlab code for predictive cup-stem orientations equations developed for %12 hip
models using jump statistics
%Where,
%NSA= neck shaft angle
%SO= stem offset
%OsA= oscillation angle
%R= head-neck ratio
Implant=1
NSA1 = 143.64
R1= 2.0
SO1=32.19
OsA1 = 104.72
Predictedanteversion = 3.68 -(0.66*R1)+ (0.01*OsA1) + (0.12*NSA1) - (0.09*SO1)
PredictedInclination = 464.41 + (4.66*R1) + (0.02*OsA1)-(2.49*NSA1)-(3.04*SO1)
PredictedStemAntetorsion=47.62 + (0.94*R1)-(0.01*OsA1)-(0.17*NSA1)+(0.13*SO1)
Similarly, code was written for other 11 models.
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Appendix D

This Appendix lists profiles generated in JMP for the models mentioned in section 5.2.
Model # 2 and Model #9 failed while meshing in CAD tool, and hence excluded here.
Plotted on independent axis (X axis) are design parameters such as H-N ratio, oscillation
angle, neck shaft angle and stem offset are which influence cup-stem orientations as
indicated on the dependent axis (Y axis) . Sensitivity triangles (purple color) on the black
line indicate the optimal range of motion at the particular value of chosen design
parameters, the dashed bisecting lines (red color) indicate the value of chosen design
parameters and the curved dashed lines (blue color) indicate the upper and lower
boundary limits for the optimal range of motion.
Prediction Profiler_1
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Prediction Profiler_3

Prediction Profiler_4
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Prediction Profiler_5

Prediction Profiler_6
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Prediction Profiler_7

Prediction Profiler_10
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Prediction Profiler_11

Prediction Profiler_12
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Appendix E

This Appendix gives detail of the bivariate fit y by x for predicted cup-stem orientation
values derived from profile plotted against orientations measured from CAD tool. R2
closer to 1 was aimed for the best fit of the line. The polynomial fit degree equations are
the mentioned in equation [4-6] in section 5.3.

Bivariate Fit of Predicted_CA By anteversion

Polynomial Fit Degree=6 [Equation 4]
Predicted_CA = 33.84282 - 0.9405851*anteversion - 0.9862703*(anteversion-16.39) ^2
+ 0.6444255*(anteversion-16.39)^3 + 0.0702073*(anteversion-16.39)^4 0.0784473*(anteversion-16.39)^5 + 0.0094846*(anteversion-16.39)^6
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.789372
0.536617
0.914614
17.05583
12
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Analysis of Variance
Source
DF
Model
Error
C. Total

6
5
11

Sum of
Squares
15.675097
4.182595
19.857692

Mean Square

F Ratio

2.61252
0.83652

3.1231
Prob > F
0.1160

Bivariate Fit of Predicted_CI by inclination

Polynomial Fit Degree=6 [Equation 5]
Predicted_CI = -33.73 + 2.3171718*inclination - 0.5025542*(inclination-40.3967) ^2 0.0181943*(inclination-40.3967) ^3 + 0.0024155*(inclination-40.3967) ^4 + 3.2965e5*(inclination-40.3967) ^5 - 3.0282e-6*(inclination-40.3967) ^6
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

Analysis of Variance
Source
DF
Model

6

0.880969
0.738131
7.378011
41.39417
12

Sum of
Squares
2014.4119

Mean Square

F Ratio

335.735

6.1676
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Source

DF

Error
C. Total

5
11

Sum of
Squares
272.1752
2286.5871

Mean Square

F Ratio

54.435

Prob > F
0.0323*

Bivariate Fit of Predicted_SA by stem torsion

Polynomial Fit Degree=6 [Equation 6]
Predicted_SA = 59.025562 - 1.0801979*stem torsion + 0.6995961*(stem torsion29.4425) ^2 + 0.3442311*(stem torsion-29.4425) ^3 - 0.0231646*(stem torsion-29.4425)
^4 - 0.0201665*(stem torsion-29.4425) ^5 - 0.0017312*(stem torsion-29.4425) ^6
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)
Analysis of Variance
Source
DF
Model
Error
C. Total

6
5
11

0.798892
0.557562
1.329
29.16417
12

Sum of
Squares
35.081486
8.831205
43.912692

Mean Square

F Ratio

5.84691
1.76624

3.3104
Prob > F
0.1050
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