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Abstract 

Total knee arthroplasty (TKA) is a common surgical procedure to combat the onset of 

osteoarthritis; however failure of TKA may occur due to instability of the knee joint as a result 

of soft-tissue deficiency or imbalance, or incorrect implant choice. The aim of this PhD was 

to investigate how soft-tissues help stabilise knees implanted with different TKA designs and 

thus provide more quantifiable data to help clinicians choose the correct implant and soft-

tissue release for patients. Cadaveric experiments utilising a robotic testing system 

investigated soft-tissue contributions in three different implants, and found that the collateral 

ligaments are the primary restraints in the implanted knee. On the lateral aspect of the knee, 

the lateral collateral ligament (LCL) provided restraint to varus and internal-external rotations 

in a primary TKA implant. On the medial side of the knee, the superficial medial collateral 

ligament (sMCL) is the main valgus, internal-external and anterior stabiliser in primary TKA: 

this was also the case in a more constrained implant which may have been expected to 

provide inherent stability to reduce the reliance on the sMCL. After resecting the medial 

structures in the constrained TKA knee, a soft-tissue reconstruction of the structures using a 

hamstring tendon was tested, and this was found to restore internal-external and varus-

valgus rotational stability to pre-sectioned values. 

Therefore it is advised that surgeons should preserve the sMCL/ LCL when attempting to 

correct a varus/ valgus deformity, as it may result in a combined laxity pattern that cannot be 

compensated by the other soft-tissues. In the event of collateral deficiency, either a more 

constrained implant such as a hinged implant would be required to provide enough stability, 

or performing a soft-tissue reconstruction in conjunction with a less constrained implant may 

restore stability to the knee.  
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1 Introduction 

1.1 Motivation 

Total Knee Arthroplasty (TKA) is a routinely performed surgical procedure to alleviate pain 

and prevent further degradation of the knee joint, most commonly due to osteoarthritis. In the 

United Kingdom (excluding Scotland), just under 700,00 TKAs were performed between 

April 2003 and December 2014, which accounted for 90% of all primary knee replacements 

(NJR, 2015).  

Despite being the third most common surgical procedure in the NHS (Royal College of 

Surgeons), failures of TKA can occur and may require further invasive surgery to correct. In 

2014, 16% of all revisions in the United Kingdom were due to instability (NJR, 2015), 

wherein excessive laxity prevents the patient from having successful function of their knee 

joint. This has commonly been found as one of the main reasons for early failure of primary 

TKA (Fehring et al., 2001; Mulhall et al., 2006; Sharkey et al., 2002). There are multiple 

factors which may cause this instability in a patient, and without an understanding of the 

underlying problem, the surgeon risks further instability with any revision surgery (Parratte 

and Pagnano, 2008).  

There is little advice available for inexperienced surgeons on soft-tissue balancing and 

implant choice, because assessing stability of the knee and the function of the ligaments is a 

subjective practice. With the associated patient benefits and healthcare costs, as well as a 

move towards evidence based medicine by integrating clinician expertise with systematic 

research and databases (Sackett et al., 1996), it is in the orthopaedic field’s best interest to 

gain objective evidence on how stability is provided by the choice of implant and in particular 

the soft-tissues that surround the knee.  

Therefore the motivation for this thesis was to provide more understanding about instability 

with implanted knees, and hopefully to inform a more quantifiable assessment within clinical 

practice. 
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1.2 Aims 

The main aim of this thesis was to provide objective evidence of the role of the soft-tissue 

structures in providing stability in the total replaced knee. This has been formalised as three 

specific objectives: 

1. To investigate the relative contributions of intra- and extra-capsular structures to the 

stability of the replaced knee. 

2. To evaluate common soft-tissue releases performed during knee replacement to gain 

insight into their efficacy in reducing knee deformities and maintaining stability. 

3. To determine if increasing implant constraint can offer stability in the absence of soft-

tissues. 

With research into these aims, more quantifiable assessment of soft-tissue integrity could 

help less experienced surgeons choose the correct implant for the specific patient. 

Furthermore it was hoped that evidence could be provided for the need for greater inherent 

constraint in implants as the natural stabilising structures lose their function. 

1.3 Structure 

Chapter 2 is a literature review to introduce the different types of TKA implant designs, 

current knowledge of soft-tissue restraints in non-implanted knees, how knee stability is 

assessed clinically and in-vitro, and the aim of increasing implant constraint to counter 

ligamentous deficiency. The review is heavily based upon a paper published by the author in 

Clinical Biomechanics, with updated content, references and figures. 

Chapter 3 describes in detail the robotic testing system which was utilised in cadaveric 

studies. This includes specifications, rig set-up, and protocols/ methodology used to perform 

the studies. 

Following these chapters are the 4 studies undertaken to investigate the contribution of soft-

tissue to stability of TKAs. The first experiment chapter (Chapter 4) on medial release in 

primary TKA was published in Knee Surgery, Sports Traumatology, Arthroscopy. Chapters 5 

and 6 on medial release and medial soft-tissue reconstruction in constrained TKA were 

published as a single article in Knee Surgery, Sports Traumatology, Arthroscopy. Chapter 7 

on lateral release in primary TKA has been accepted for publication in the Journal of 

Orthopaedic Research. All four chapters provide an introduction to the study, materials and 

methods, results and discussions of the main findings. 
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Chapter 8 summarises the main findings of each study, discusses the links and differences 

between chapters, considers the limitations across all studies, and outlines suggestions for 

future work.           

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

5 
 

2 Literature Review 

Tibiofemoral instability is a common reason for total knee arthroplasty failure, and may be 

attributed to soft tissue deficiency and incorrect ligament balancing. There are many different 

designs of implant with varying levels of constraint to overcome this instability; however 

there is little advice for surgeons to assess which is suitable for a specific patient, and soft 

tissue balance testing during arthroplasty is very subjective. The current theories on primary 

and secondary soft tissue restraints to anterior/ posterior translation, varus/ valgus and 

internal/ external rotational motions of the knee are discussed in this literature review, as 

well as biomechanics literature to evaluate instability in the intact and implanted knee.  

The review highlights important intra- and extra-capsular structures in the knee and 

describes the techniques used by clinicians to assess instability perioperatively. In vitro 

cadaveric studies were found to be a very useful tool in comparing different implants and 

contributions of different soft tissues, and can be utilised in helping less experienced 

surgeons with soft tissue releases and determining the correct implant. For this to happen, 

more biomechanical studies must be done to show the impact of release sequences on 

implanted cadavers, as well as determining if increasingly constrained implants restore the 

stability of the knee to pre-deficient conditions.     

 

 

     

The majority of the material in this literature review chapter has been published in Clinical 

Biomechanics and is reproduced in accordance with the Elsevier Sharing Policy. 

Athwal K.K, Hunt N.C, Davies A.J., Deehan D.J., Amis A.A., 2014. Clinical biomechanics of 

instability related to total knee arthroplasty. Clinical Biomechanics 29: 119-128. (License 

number 3940690922971) 
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2.1 Introduction 

The use of total knee arthroplasty (TKA) to combat the effects of osteoarthritis has become 

standard practice for many years. From a survey of 18 different countries, it has been 

estimated that annually there are 175 total knee procedures for every 100,000 people in the 

population (Kurtz et al., 2011). 

Yet despite being a common procedure, failures of the TKAs are possible, and revision 

surgery to a more constrained design inevitably presents additional health and emotional 

issues for the patients as well as financial implications (Sharkey et al., 2002). A major reason 

for failure is instability, defined as excessive and unnatural movement of the implant 

components (Rodriguez-Merchan, 2011) which may occur within weeks, months or even 

many years after the initial surgery.  

Sharkey et al. (2002) performed a retrospective review over a three year period at one 

institution, and found that instability was a major reason for surgery in 21.2% of early stage 

revisions (occurring less than two years after primary arthroplasty) and 22.2% in late stage 

revisions. A similar situation was noted in a multicentre prospective cohort study by Mulhall 

et al. (2006), who found that 28.9% of patients who required revisions suffered from 

instability.  

Instability may be a result of initial and progressive soft tissue deficiency, inadequate soft 

tissue and gap balancing during surgery, component misalignment, and inappropriate 

implant restraint, size and design (Mulhall et al., 2006; Sharkey et al., 2002; Vince et al., 

2006; Yercan et al., 2005). To prevent instability in TKAs, improvements in surgical 

technique and TKA design can be enacted with knowledge of how soft tissue deficiency 

affects the stability after implantation. This review sets out to discuss how laxity/ instability of 

a TKA-implanted knee joint can be measured, evaluate different methods of 

experimentation, and present the current ideas of ligamentous and soft tissue restraint to 

major planes of knee motion. 
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2.2 TKA designs 

Condylar total knee designs in their current recognisable form have been developed since 

the 1970s (Robinson, 2005): a metal femoral prosthesis; a metal tibial tray with a proximal 

polyethylene articulating surface; and less frequently a polyethylene patellar component.    

There are a wide variety of TKA designs available, varying in degrees of constraint, bone 

loss and soft tissue resection. For uncomplicated primary knee replacements the most 

commonly used types are the cruciate-retaining (CR) and posterior-stabilised (PS) designs. 

A CR TKA requires resection of the anterior cruciate ligament (ACL) but retains the posterior 

cruciate ligament (PCL). This type of TKA usually derives stability by having concave 

articular surfaces on both medial and lateral tibial condyles, which act to locate the femoral 

condyles under the influence of axial joint compression. Both the conformity of the 

articulation, and the tensions in the surrounding ligaments, reduce knee laxity (Ishii et al., 

2011). The depth and slope of the concavity of the tibial bearing contribute to the inherent 

stability of the prosthesis, and that may be characterised by force versus displacement 

testing of the prosthesis while subjected to axial compressive loading (ASTM-F1223, 2014; 

Haider and Walker, 2005). Increased soft-tissue tension may reduce tibiofemoral laxity, but 

excessive tension is undesirable; in the CR TKA, for example, the unbalanced tension in the 

PCL causes tibial anterior subluxation, so that the femoral component bears onto the 

posterior edge of the tibial articular surface (Heesterbeek et al 2010).  

A posterior-stabilised (PS) design removes both cruciate ligaments and instead utilises a 

post-box-cam mechanism (Figure 2.1 and Figure 2.2) to prevent non-physiological anterior 

movement of the femur with respect to the tibia when flexed (Fantozzi et al., 2006; Walker et 

al., 2009). An argument for the implantation of a PS over a CR design is that collateral 

ligament balancing is more easily achieved than with a CR design (Freeman and Railton, 

1988). The post-box-cam mechanism of a PS-implanted knee drives femoral posterior roll-

back in knee flexion, which delays posterior impingement and thus leads to greater knee 

flexion (Jacobs et al., 2005). The fit of the tibial post into the ‘box’ between the femoral 

condyles also limits tibial internal-external rotation.  

Less-common designs retain both cruciate ligaments in an attempt to retain knee kinematics 

which are as close to physiological behaviour as possible (Cloutier et al., 1999). It is unusual 

for a TKA to incorporate ACL retention, despite the importance of the ACL for stability of the 

natural knee. This situation arose because, in the era when the TKA procedure was being 

developed, it was reserved for those with chronic, severe arthritis, and so the ACL was 

usually incompetent in the presence of degenerative changes such as impinging 

osteophytes.  
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Figure 2.1 Femoral components for cruciate-retaining (CR), posterior-stabilised (PS), 

and constrained-condylar (CC) total knee arthroplasty. 

 

Figure 2.2 Tibial polyethylene inserts for posterior-stabilised (PS) and constrained 

condylar (CC) implants. 

 

Figure 2.3 A mobile-bearing design allows the polyethylene insert to rotate freely on 

the metal tibial tray.  
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Other variations of TKA include mobile-bearing designs (Figure 2.3) where the polyethylene 

insert can rotate freely on the tibial tray (Most et al., 2003a). More recently, designs have 

incorporated asymmetrical femoral condyles. These designs have highly stable medial 

condylar articulations and lateral articulations which allow for more anterior/ posterior 

freedom, which is believed to replicate more anatomically-correct knee kinematics (Amin et 

al., 2008; Walker et al., 2010).    

If a TKA fails and requires revision, or the patient has multiple ligament or bone deficiencies 

before even a primary operation (Yang et al., 2012), more constrained condylar knee 

designs may be implanted. These usually include longer intramedullary stems, taller tibial 

posts and larger femoral boxes than a PS design (Figure 2.1 and Figure 2.2). Further 

restraint against global instability may be introduced with rotating-hinged designs (Yang et 

al., 2012), in which the tibial and femoral components are linked together. 

2.3 Primary and secondary ligamentous and soft tissue restraints 

The complex network of ligaments and soft tissue surrounding the knee and within the 

capsular structure can be classified into primary and secondary stabilisers. A primary 

restraint can be seen to be the main passive restraint to motion in a specific degree of 

freedom (DOF) (Noyes et al., 1980), with secondary restraints that resist the motion to a 

lesser degree. However, the secondary restraints may become a major stabiliser in the 

cases when primary restraints are deficient or require resection, for example in many 

arthroplasty designs. Therefore, understanding how the ligaments and soft tissues interact in 

the different planes of motion is beneficial for any investigations into TKA instability.  

Table 2.1 lists various papers that investigated ligamentous and soft tissue restraints on 

intact knees using a variety of in vitro and in vivo methods. There has been less research, 

however, into the soft tissue restraints post-TKA (Table 2.2). Literature was searched from 

the Medline database via PubMed using the following keywords: knee instability, primary 

knee restraints, ligamentous and soft tissue restraints, anterior/ posterior laxity, medial/ 

lateral laxity. From those, the listed papers were chosen because they included very precise 

details about what method of in-vivo, in-vitro or in-silico testing was undertaken, distinct 

definitions of which soft tissues were being investigated, and clear descriptions of the test 

methods that were performed, that would allow a reader to reproduce them if so desired. 
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Table 2.1 A summary of studies investigating ligamentous and soft tissue restraints in 

intact knees. 

Lead Author Sample 
Type 

Method Ligament/ Soft tissue 
investigated? 

Number 
of 
samples 

Kinematic test 
(referenced to the 
tibia) 

A
C
L 

P
C
L 

L
C
L 

P
L
S 

M
C
L 

P
M
C 

Others 

Butler et al. 
(1980) 

In vitro MTS 1 
DoF 

• • • • • • ITB 11 Ant/Post ± 5mm 

Grood et al. 
(1981) 

In vitro MTS 1 
DoF 

• • • • • • ITB 10 Var/Val (± 6mm 
medial/lateral joint 
opening) 

Fukubayashi et 
al. (1982) 

In vitro MTS 4 
DoF 

• •      9 Ant/Post 125N 

Sullivan et al. 
(1984) 

In vitro MTS 5 
DoF 

•    • •  10 Ant/Post 100N 

Daniel et al. 
(1985) 

In vivo/ 
in vitro 

Arthromet-
er 

•      - 460
a 

Ant/Post 89N 

Gollehon et al. 
(1987) 

In vitro MTS 5 
DoF 

• • • •   - 17 Ant/Post 100N, Var/Val 
10Nm, Int/Ext 4.5Nm 

Grood et al. 
(1988) 

In vitro Rig with 
tibia free 
hanging/ 
vertical 

 • • •   - 15 Ant/Post 100N, Var/Val 
20Nm, Int/Ext 5Nm 

Levy et al. 
(1989) 

In vitro MTS 5 
DoF 

•      MM,LM 11 Ant/Post 100N, Var/Val 
20Nm, Int/Ext 6Nm 

Shapiro et al. 
(1991) 

In vitro Cruciate-
attached 
force 
transducer  

•    •   10 Ant 78N, Var/Val 
15Nm, Int/Ext 10Nm 

Race and Amis 
(1996) 

In vitro MTS 4 
DoF 

 •     - 9 Ant/Post ± 6mm  

Bendjaballah 
et al. (1997) 

In silico Finite 
element 
model 

• • •  •  MM, LM - Var/Val 15Nm 

Jilani et al. 
(1997) 

In silico Finite 
element 
model 

• • •  •  MM, LM - Int/Ext 10Nm 

Hoher et al. 
(1998) 

In vitro Robotic  • • •   - 8 Post 110N with 
popliteus muscle 44N 

Krackow and 
Mihalko (1999) 

In vitro Rig with 
tibia free 
hanging/ 
vertical 

  • •   ITB,MM, 

LM 

12 Var/Val stress test 

Sakane et al. 
(1999) 

In vitro Robotic • •  • •  - 10 Ant/Post 110N 

Kanamori et al. 
(2000) 

In vitro Robotic •  • • •  - 8 Ant 134N 

Gupte et al. In vitro MTS 4  •     MFL 8 Ant/Post 100N, Int/Ext 
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(2003) DoF 5Nm 

Pasque et al. 
(2003) 

In vitro Rig with 
tibia 
upside 
down/ 
vertical 
1DoF 

 • • •   - 12 Post 100N, Var 10Nm, 
Ext 5Nm 

Gabriel et al. 
(2004) 

In vitro Robotic •      - 10 Ant 134N, Rotatory 
(Val 10Nm, Int 5Nm) 

Li et al. (2004) In vitro Robotic  •     - 12 Post 130N with quads 
400N  

and hams 200N 

Shirazi-Adl and 
Moglo (2005) 

In silico Finite 
element 
model 

• • •  •  MM, LM - Ant/Post 100N 

Robinson et al. 
(2006) 

In vitro MTS 4 
DoF 

    • • - 14 Ant/Post 150N, Val 
5Nm, Int/Ext 5Nm 

Zantop et al. 
(2007) 

In vitro Robotic •  • •   - 10 Ant 134N, Pivot shift 
(Ant 134N,  

Val 4Nm, Int 4Nm) 

Petersen et al. 
(2008) 

In vitro Robotic  •   • • - 10 Post 134N, Val 10Nm, 
Int 5Nm 

Battaglia et al. 
(2009) 

In vitro Robotic •    •  - 10 Ant 125N, Int/Ext 4Nm, 
Val 10Nm 

Key to content: MTS = Materials Testing System, DoF = degrees of freedom, ACL = anterior cruciate ligament, 

PCL = posterior cruciate ligament, LCL = lateral collateral ligament, PLS = posterolateral structures, MCL = 

medial collateral ligament, PMC = posteromedial capsule, ITB = iliotibial band, MM = medial meniscus, LM = 

lateral meniscus, MFL = meniscofemoral ligaments, Ant/Post = anterior/posterior translation, Int/Ext = 

internal/external rotation, Val/Var = valgus/varus rotation, Quads/Hams quadriceps/hamstring muscles. 
a 

Of 460 

samples, 33 were cadaver knees, 338 were normal patients, and 89 were patients with unilateral ACL rupture. 

Key to content (next page): Semi M = semimembranosus tendon, CR TKA = cruciate-retaining total knee 

arthroplasty, PS TKA = posterior-stabilised total knee arthroplasty. 
a 

Knee kinematic testing rig (Experimental 

Engineering, Little Rock, AR, USA) 
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Table 2.2 A summary of studies investigating ligamentous and soft tissue restraints in 

total knee arthroplasty implanted-knees. 

Lead 
Author 

Sample 
Type 

Method Ligament/ Soft tissue 
investigated? 

Arthro-
plasty 

Number 
of 
samples 

Kinematic test 
(referenced to the 
tibia) 

A
C
L 

P
C
L 

L
C
L 

P
L
S 

M
C
L 

P
M
C 

Others 

Nagamine 
et al. (1995) 

In vitro E. E. test 
rig

a 
   •    CR TKA 8 Var/ Val 45N 

applied at ankle, 
Int/Ext 3Nm 

Takahashi 
et al. (1997) 

In vivo Pressure 
film 
(intraop)/ 
Arthromet-
er (postop) 

    • •  CR TKA 63 Passive flexion, 
Var/ Val 150N 

Matsueda 
et al. (1999) 

In vitro Cable/spri
ng set-up 

 • • • • • Semi 
M, ITB 

CR TKA 12 Var/ Val 10Nm 

Li et al. 
(2001) 

In vitro Robotic  •     - CR and 
PS TKA 

9 Passive flexion 
with quads 400N 
and hams 200N 

Saeki et al. 
(2001) 

In vitro E. E. test 
rig

a 
 •   •   CR and 

PS TKA 
6 Ant/ Post 35N, 

Var/ Val 10Nm, 
Int/Ext 1.5Nm 

Kanamiya 
et al. (2002) 

In vitro E. E. test 
rig

a 
  • •   ITB CR TKA 17 Var/ Val 10Nm, Int/ 

Ext 10Nm 

Most et al. 
(2003b) 

In vitro Robotic  •     - CR and 
PS TKA 

9 Passive flexion 
without muscle 
loads 

Barink et 
al. (2005) 

In silico Finite 
element 
model 

 • •  •   CR TKA - Ant/ Post 100N, 
Var/ Val 10Nm, Int/ 
Ext 3Nm 

Ishii et al. 
(2005) 

In vivo Arthromet-
er 

• •     - CR and 
PS TKA 

77 Ant 133N, Post 
89N 

Most et al. 
(2005) 

In vitro Robotic  •     - CR and 
high-
flexion 
CR TKA 

10 Passive flexion 
with quads 400N 
and hams 200N 

Heesterbee
k et al. 
(2010) 

In vivo Calibrated 
spring 
(intraop)/ 
Arthromet-
er (postop) 

   • • • ITB CR TKA 49 Var/ Val 15Nm 

Kesman et 
al. (2011) 

In vivo Surgeon 
var/val 
stress test 

   •    PS TKA 18 Var/ Val stress test 

Takeda et 
al. (2012) 

In vivo Arthromet-
er 

 •     - CR and 
PS TKA, 
mobile-
bearing 

60 Var/Val 150N 

Koh and In 
(2013) 

In vivo Arthromet-
er 

    • • Semi M PS TKA 104 Var/ Val stress test 
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 Anterior Translation 2.3.1

It has been well established that the primary restraint to anterior translation of the tibia 

relative to the femur is the ACL, with Butler et al. (1980) reporting an average 86% of the 

total resisting force against anterior drawer was provided by it (Figure 2.4). The ACL is 

nearly always resected in TKA implantation, and so designs must incorporate more 

conforming articulating surfaces to prevent excessive anterior slide of the tibia.  

Butler et al. (1980) and Sullivan et al. (1984) described the medial collateral ligament (MCL) 

as a significant secondary restraint to anterior drawer, a finding supported by Sakane et al. 

(1999), who reported that the MCL contributed around 60% of the total restraint the ACL 

carried at 90° flexion. Additionally, other studies highlighted the role of the iliotibial band 

(ITB) as an ‘ACL agonist’ (Yamamoto et al., 2006) and, provided the ACL is resected first, 

the secondary restraint from the medial meniscus (MM) (Allen et al., 2000; Levy et al., 1982). 

The lateral meniscus (LM) was found not to be a significant restraint (Levy et al., 1989). 

 Posterior Translation 2.3.2

The PCL is the primary restraint to posterior translation of the tibia (Figure 2.5), offering on 

average 95% of the total resisting force in the flexed knee (Butler et al., 1980); Race and 

Amis (1996) showed that this contribution fell as the knee extended, leaving the 

posterolateral structures (PLS) to resist posterior translation near full extension. Other 

authors agreed that the PLS comprising of structures such as the popliteus tendon (Pop T) 

and the popliteofibular ligament (PFL) act as secondary restraints to tibial posterior 

translation (Butler et al., 1980; Gollehon et al., 1987).  

Whilst the PCL is retained in CR TKAs, a PS TKA resects the PCL and instead utilises a 

vertical post on the tibial plateau, which engages with a femoral box in flexion, and prevents 

the tibia from sliding posteriorly relative to the femur (Fantozzi et al., 2006). Some instability 

may result near knee extension (the weight-bearing posture) if the post-box mechanism only 

engages in deeper knee flexion which is typically around 50° flexion.   

On the medial side of the knee, Robinson et al. (2006) observed the posteromedial capsule 

(PMC) being well aligned to resist posterior translation at full extension. This was supported 

by Petersen et al. (2008), who also defined a posterior oblique ligament (POL) between the 

MCL and PMC as producing significant restraint at all angles of flexion between 0-90° flexion 

(it is debated whether such a distinct band exists (Amis et al., 2003)). Additionally, Gupte et 

al. (2003) found the ligaments connecting the LM to the posterior aspect of the femur (the 

meniscofemoral ligaments of Humphry and Wrisberg) to be secondary restraints to posterior 

drawer, contributing 28% of the restraint at 90° flexion; they are resected during TKA.  
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Figure 2.4 Ligamentous restraints to anterior displacement, in A) lateral, B) anterior, 

and C) medial views. Soft tissues highlighted in red signify primary restraint, and in 

yellow signify secondary restraints. ACL = anterior cruciate ligament, dMCL = deep 

medial collateral ligament, sMCL = superficial medial collateral ligament, MM = medial 

meniscus. 

 

 

Figure 2.5 Ligamentous restraints to posterior displacement. Pop T = popliteus 

tendon, PFL = popliteofibular ligament, PCL = posterior cruciate ligament, PMC = 

posteromedial capsule. 
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 Valgus Rotation 2.3.3

The superficial medial collateral ligament (sMCL) is the primary restraint to tibial abduction, 

which manifests as medial opening of the knee (Figure 2.6) (Grood et al., 1981). Robinson et 

al. (2006) discovered that the deep medial collateral ligament (dMCL), whilst not a significant 

restraint in an intact knee, contributed appreciably in an sMCL-deficient knee over the range 

15-90° of flexion, and thus can be described as a secondary restraint. The same study found 

that the PMC offered 32% of the total restraint to valgus rotation at full extension, however 

this reduced noticeably in flexion.  

The PCL is considered to be only a secondary restraint (Grood et al., 1981), as it can only 

generate a small moment arm about the centre of valgus rotation compared with the sMCL 

(Amis et al., 2003). 

 Varus Rotation 2.3.4

The lateral collateral ligament (LCL) is the primary restraint to tibial adduction, which causes 

lateral opening of the knee (Figure 2.7) (Gollehon et al., 1987; Grood et al., 1981). It 

provides 69% of the total restraint to varus rotation at 25° flexion (Grood et al., 1981), 

although it has been shown that as flexion increases, the LCL becomes more slack and less 

well-aligned to restrain varus opening (Sugita and Amis, 2001). The PLS and ACL have also 

been described as secondary restraints, with the PLS only at low flexion angles and the ACL 

suffering from only generating a small moment arm about the centre of varus rotation (Grood 

et al., 1981). 
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Figure 2.6 Ligamentous restraints to valgus rotation, in A) lateral, B) anterior, and C) 

medial views. Soft tissues highlighted in red signify primary restraint, and in yellow 

signify secondary restraints. PCL = posterior cruciate ligament, dMCL = deep medial 

collateral ligament, sMCL = superficial medial collateral ligament, PMC = 

posteromedial capsule. 

 

 

Figure 2.7 Ligamentous restraints to varus rotation. Pop T = popliteus tendon, PFL = 

popliteofibular ligament, LCL = lateral collateral ligament, ACL = anterior cruciate 

ligament. 
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 Internal Rotation 2.3.5

With a 5Nm internal torque applied, Robinson et al. (2006) found increased internal rotation 

of 6-8° between 30-90° flexion after cutting the sMCL, and thus contended that it provided 

the primary restraint in flexion (Figure 2.8). The same study also concluded that the PMC 

was a primary restraint only when the knee is in an extended position, as it slackens with 

flexion. Older studies have described the ACL as a secondary restraint to internal rotation, 

with results showing only a significant increase in internal rotational laxity experienced in 

cutting posterior structures if the ACL is sectioned first (Gollehon et al., 1987; Lipke et al., 

1981). 

 External Rotation 2.3.6

The PLS has been acknowledged as the primary restraint to external rotation (Figure 2.9) 

(Grood et al., 1988). The LCL has also been identified as a major stabiliser albeit only when 

tense at lower flexion angles (Gollehon et al., 1987), whereas the PFL in particular does not 

slacken with flexion (Sugita and Amis, 2001). Veltri et al. (1996) and more recently Lim et al. 

(2012) found the PFL alone can be considered a primary restraint at all angles of flexion, 

especially compared with the LCL at 60-90° flexion. This was disputed by Pasque et al. 

(2003) however, who believe that the PFL must be considered as part of the PLS, and does 

not offer significant restraint alone. 

Grood et al. (1988) signified the PCL as a restraint to tibial external rotation at 90° knee 

flexion, but only having an effect after the PLS has been sectioned. Robinson et al. (2006) 

found that in response to an applied 5Nm external torque, transecting the sMCL also 

increased laxity by 3° and 7° at 0° and 90° of flexion respectively, with the dMCL also 

demonstrating restraint at higher angles of flexion. 
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Figure 2.8 Ligamentous restraints to internal rotation, in A) lateral, B) anterior, and C) 

medial views. Soft tissue highlighted in red signify primary restraint, and in yellow 

signify secondary restraints. ACL = anterior cruciate ligament, sMCL = superficial 

medial collateral ligament, PMC = posteromedial capsule. 

 

 

Figure 2.9 Ligamentous restraints to external rotation. Pop T = popliteus tendon, PFL 

= popliteofibular ligament, LCL = lateral collateral ligament, PCL = posterior cruciate 

ligament.  
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2.4 Evaluating instability of the knee and the contribution of soft 

tissues 

The definition of instability varies between studies, which can be attributed partly to different 

study backgrounds. For example a clinically-orientated approach may define instability 

subjectively as the patient’s complaint of the knee ‘giving-way’, or more objectively from 

measured increases in tibiofemoral joint laxity when a normal knee is modified by injury or 

arthroplasty (Stoddard et al., 2013). An engineer, however, may repeat the same path of 

motion after modification and record the decrease in required displacing force as an 

objective measure of stability (Rudy et al., 1996).   

The methods employed to assess soft tissue instability in clinical knee assessment, surgical 

judgement during an arthroplasty procedure, and in-vitro cadaver testing, are described 

below.  

Assessment may also be performed with computer modelling, using a finite element analysis 

method. The benefits of modelling the bones from computer tomography scans and soft 

tissues can allow a level of control on loading and boundary conditions impossible with in-

vivo or in-vitro testing, and avoids ethical issues inherent with testing on tissues (Barink et 

al., 2005; Bendjaballah et al., 1997). However, this technique is subject to simplified material 

properties and estimated insertion points of the ligaments, and to the authors' knowledge 

there are no studies that have successfully modelled the complexity of all the surrounding 

tissues of the knee. 

 Clinical knee assessment 2.4.1

Clinical assessment of knee laxity is essential both prior to surgery, to indicate the type of 

implant required, and post-surgery (Ishii et al., 2005), to assess whether satisfactory 

mechanical stability has been achieved. For example, if a patient has a suspected ACL 

rupture, a clinician may perform either an anterior drawer test, Lachman’s test, or a pivot 

shift test (Bach et al., 1988; Kim and Kim, 1995). The anterior drawer and Lachman’s tests 

impose an anterior translation force on the tibia and the resulting laxity is measured (usually 

by comparison to the contralateral knee), while the pivot-shift is a more ‘dynamic’ test which 

moves the knee in an attempt to elucidate instability.   

In an attempt to reduce subjective variation between clinicians performing the assessments, 

arthrometers were devised for a more quantitative assessment of knee ligament laxity. The 

KT-1000™, and later the KT-2000™ instrument (MEDmetric®, San Diego, CA, USA), allow 

the clinician to apply a known force to the patient’s tibia, and measure the displacement 

relative to the fixed femur (Benoit et al., 2006). Initially designed to find ACL or PCL laxity in 
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the intact knee, the KT-2000™ has been subsequently utilised in research comparing the 

anterior-posterior laxity in PCL-retaining and PCL-substituting TKAs (Ishii et al., 2005).  

Other arthrometers include the Telos™ stress device (Metax GmbH, Hungen/ Obbornhafer, 

Germany), which can be manipulated to test different planes of laxity, including varus/ valgus 

stress tests (Okazaki et al., 2006; Takeda et al., 2012). However, the Telos device is a 

means to apply known loads to the knee; the laxity must be measured from pairs of 

radiographs, taken when the knee was loaded and unloaded.     

There are noticeable failings with knee assessment tests. Arthrometers have standardised 

the direction and magnitude of force applied as well as the measurable displacements, and 

thus are a less subjective procedure than the original assessment tests. However, like the 

original tests, there is no obvious way of discovering which ligaments are being scrutinised 

under the arthrometer loads (Noyes et al., 1980). For example, increased anterior laxity of a 

knee may not be purely due to an ACL rupture, but could be a result from deficiency of other 

stabilising structures. There are disagreements between various studies on the repeatability 

of results of different arthrometers (Cannon, 2002; Forster et al., 1989; Steiner et al., 1990). 

Furthermore, the forces applied to the knee are much smaller than in normal activity. The 

circumstances are understandable, as a clinician cannot ethically apply forces that may 

cause further damage to the patient’s knee, however it means that a knee with a false 

negative result for ligament deficiency with an assessment test may still experience 

instability under normal, higher force activities (Noyes et al., 1980).     

There are other clinical methods of measuring movement of knee joints of patients. Gait 

analysis can utilise motion capture to allow clinicians to view how post-TKA surgery has 

affected the overall kinematics of the joint. However, problems such as skin movement 

artefacts mean the motion tracking cannot accurately provide detailed laxity information 

(Benoit et al., 2006). Instead, video fluoroscopy avoids skin motion effects by capturing 

series of x-ray images that can be used to reconstruct 3-D kinematics of implants during 

movements such as rising from a chair, and treadmill running (Fantozzi et al., 2006; Zhao et 

al., 2007). With the invention of moveable video fluoroscopy systems to increase the viewing 

field (Zihlmann et al., 2006), more detailed motion trials can be recorded. This could be used 

in detailing mid-range instability (defined differently by different authors, but generally 

considered to be at flexion positions up to 90° (Parratte and Pagnano, 2008; Stoddard et al., 

2013; Vince et al., 2006; Yercan et al., 2005)) experienced by many TKA patients when 

stepping downstairs (Stoddard et al., 2013), for example.    
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 Surgical judgement during arthroplasty 2.4.2

The stability of a TKA is heavily dependent on not only the conforming design of the 

components, but also on the surgical techniques used to implant the TKA in the patient 

(Yercan et al., 2005). Therefore, particular protocols are followed during surgery to balance 

the ligaments (in particular the collaterals) and align the TKA components (Walker et al., 

2010).  

Generally, if the medial side of the knee is tight, some medial structures such as the MCL, 

PMC, and pes anserinus will be cut at the tibial insertion to allow correction of the varus 

deformity (Mihalko et al., 2003; Whiteside, 2002). In laterally tight knees, structures such as 

the LCL, ITB, PLS and Pop T will be cut at the femoral insertion to allow correction of the 

valgus deformity (Kanamiya et al., 2002; Whiteside, 2002). Another release technique 

named pie crusting can also be utilised on the ligaments, involving multiple stabs of a scalpel 

on the taut region of the structures, which allows the ligament to be stretched to the desired 

length without detaching it from the bone (Mihalko and Krackow, 2000).        

Many articles have noted issues with attempting to address soft tissue tightness during a 

TKA procedure. Whiteside (2002) admitted that although medial and lateral releases may 

help varus/ valgus stability, rotational and anteroposterior laxity may be introduced. Ghosh et 

al. (2012) measured the length-change patterns of the MCL and LCL before and after CR 

TKA. The study found that, despite a gap balancing technique being used to balance the 

knee, the collateral ligaments slackened more than in the natural knee after CR TKA when 

the knee was flexed.  

It can be suggested that the testing of soft tissue balance is too dependent on the 

experience of the surgeon. Mihalko et al. (2003) describe two different techniques to test 

ligament balancing: distraction testing and trial components. Distraction of the joint with 

laminar spreaders or tensors allows the surgeon to assess the flexion and extension gaps 

with spacer blocks in place. Alternatively, trial components may be fitted into the joint space, 

and varus/ valgus stress tests can assess medial and lateral soft tissue balance.  

The use of spacer blocks to determine equal joint spacing in flexion and extension by sight is 

very subjective. Performing a varus/ valgus stress test at 0° and 90° flexion may give a 

‘feeling’ of laxity at these angles, but does not address the balance at angles between these 

limits (D'Lima et al., 2011). This is problematic, as an implanted TKA may experience “mid-

range instability” if the soft tissue is not tense within 0-90° flexion (Stoddard et al., 2013; 

Yercan et al., 2005). 

Vince et al. (2006) argued that trying to prevent mid-range instability by balancing a knee at 

mid-flexion would cause the knee to be too tight to allow for full extension. Perhaps, 
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therefore, revising to a more conforming TKA implant offering more varus/ valgus restraint 

would be suitable in cases where the patient suffers from mid-range instability. However 

since a surgeon largely bases varus/ valgus stability on ‘feel’, the authors suggest that a 

more quantitative approach to determining laxity would be useful in helping less-experienced 

surgeons decide the correct implant.  

 In vitro cadaver testing  2.4.3

In-vivo testing on subjects has advantages such as being able to perform normal activity, but 

it is heavily constrained by ethical and practical issues (Kessler et al., 2009). For example, it 

would be highly unfeasible to subject a single patient to multiple surgeries for different 

implant designs comparisons, or to perform activities that could risk soft tissue damage. 

Working in-vitro on cadavers resolves such problems. It is possible to compare different 

implant designs, positioning or surgical techniques on the same specimen, minimising inter-

subject variation. Although accurate anatomic replication of active restraints such as muscle 

forces requires further investigation, there is more control on passive soft tissue restraint 

than with in-vivo testing. 

Noyes, Grood and Butler helped pioneer laxity testing to determine the passive restraints 

from the primary knee ligaments (Butler et al., 1980; Grood et al., 1981; Noyes et al., 1980). 

By imposing known displacements/rotations to the tibia at fixed flexion angles and 

measuring the reduction of displacing force required by cutting ligaments around the knee, 

the percentage contribution of various ligaments to resisting that movement can be 

calculated (Race and Amis, 1996).      

The limits of laxity across the arc of knee flexion-extension can be described as the 

envelope of passive knee motion (Blankevoort et al., 1988). During the natural arc of flexion/ 

extension, the tibia is free to rotate or displace in the other five DoF, leading to the passive 

path of motion. Thus, by applying forces and moments to the tibia along this arc to a limit, 

beyond which damage to the specimen may occur (Blankevoort et al., 1988), an envelope of 

laxity along the arc can be determined (Bull et al., 2008). 

The introduction of robotic technology (Chapter 3 ) to simulate and record more complex 

loading conditions on knee joints (Fujie et al., 1993) has allowed studies into the “in-situ” 

force (Fujie et al., 1995) experienced by ligaments during predefined movements. 
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2.5 Ligamentous laxity and/or deficiency and its influence on implant 

constraint 

As a general guide, surgeons are recommended to choose implants with as minimal amount 

of constraint as possible to achieve stability (Naudie and Rorabeck, 2004). Any increase in 

the constraint in the prosthesis also increases its capability to transmit loads to the fixation; it 

is preferable for the loads to be transmitted by the soft-tissue stabilisers (Figure 2.10). A 

corollary is that, because constraint allows greater loads to be transmitted, the fixation has to 

become more massive to prevent loosening, and that is inevitably more destructive during 

insertion and leaves fewer options if revision is needed. 

On that basis, the most common implants used are CR and PS TKAs, with gap balancing 

and releases if required to restore soft tissue symmetry. However, if there is still persistent 

laxity, more constraint will be required (McAuley and Engh, 2003). In the case of revisions 

when a primary TKA needs to be recovered after failure, the soft tissue envelope around the 

knee may be disrupted or the associated bone loss may mean the attachment sites of the 

MCL and LCL are lost (Sculco, 2006).  

More-constrained designs, whilst offering more global stability than CR and PS TKAs, rely 

less on soft tissue contributions and thus increase the stresses on the implant-bone interface 

and increase risk of early loosening (Nelson et al., 2003). If these more-constrained devices 

fail, their revision is a serious task; therefore it is important that surgeons receive guidance 

about the limits of use of less-constrained devices so that they do not need to resort 

unnecessarily to the more-invasive procedures when in doubt about the ability of the lesser 

device to maintain knee stability in the face of specific soft tissue deficiencies. However it is 

difficult to judge how much soft tissue deficiency/laxity necessitates this extra constraint 

(Morgan et al., 2005), and there is little published data which might guide this. 

Girard et al. (2009) performed a retrospective analysis on TKAs in valgus knees, and 

identified, following the use of tensioning devices and spacer blocks, a threshold of 5° 

residual valgus laxity in extension and 3mm in tibiofemoral gap difference between flexion 

and extension, which if exceeded were indications for the use of more-constrained condylar 

implants rather than a normal PS TKA.  

Sculco (2006) noted that the process of determining level of constraint is subjective, but 

recommends that, if after spacer blocks or laminar spreaders have attempted to introduce 

soft tissue symmetry, laxities of 7-10mm under stress tests suggest a more-constrained 

implant is required. Sculco (2006) further advises on the choices between the constrained 

designs, believing that constrained condylar implants are suitable if the MCL and/or LCL are 
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present, but remain lax even after attempted balancing. However, if one of those ligaments 

is either deficient or missing, a rotating hinged implant would be required to restore stability. 

Gustke (2005) reported a more specific plan for implant choice based upon preoperative 

ligament function, confirmed through physical varus/valgus stress examinations and 

radiographs. An LCL lax knee may suffice with a constrained condylar design, as well as an 

MCL lax knee if the ligament can be reconstructed. However if the MCL is absent, or both 

MCL and LCL are insufficient, then only a rotating hinge implant gives acceptable stability. 

What is universally agreed, is that a rotating hinge design should only be considered as a 

last resort if all other less constrained implants cannot provide sufficient stability. 

 

 

Figure 2.10 Diagrams of a right knee demonstrating increasing surgical invasiveness 

and bone loss, going from A) intact, B) cruciate-retaining implant, C) posterior-

stabilised implant, to D) constrained condylar implant. With increasing prosthetic 

constraint, the load transmission moves from the soft tissues to the implant fixation; 

this is illustrated for a knee abduction (valgus) moment. In A) the arrows signify the 

compressive lateral tibiofemoral contact point and tensile medial collateral ligament 

(MCL) force restraining the applied valgus moment, which is similarly replicated in B) 

and C). However in the case of D) with a deficient or absent MCL, the moment is 

resisted by implant-bone interface stresses distributed along the wall of the box 

mechanism and the tibial/ femoral intramedullary stems.   
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2.6 Conclusion 

This review discussed the different methods of evaluating instability in an intact and 

implanted knee, as well as present current ideas of primary and secondary passive restraint 

to anterior/ posterior drawer, internal/ external rotation and varus/ valgus rotation.   

Clinical tests can be performed quickly on patients to determine the laxity of the knee 

approximately, but cannot accurately define the health of a specific ligament, only the overall 

laxity in one plane. Per operative techniques such as the Derby balancer (Attfield et al., 

1996) may help to balance the medial and lateral soft tissues in the coronal plane, but does 

not give an indication of instability in flexion positions other than 0 and 90°.  

It is possible to investigate natural knees for soft tissue deficiency (e.g. ACL rupture) and 

pre/ post TKA stability in vivo using optical tackers pinned to the bone during anaesthesia. 

However this does not provide an ethical way of discovering specific structural contributions. 

There are computer models available but to the authors' knowledge there are no studies that 

have successfully modelled the complexity of all the surrounding tissues of the knee. 

The authors of this study may therefore conclude that in vitro testing is the most useful 

technique available to investigate specific structures of the knee at all different degrees of 

flexion. Although instability due to active restraints such as muscle forces is difficult to 

replicate, in vitro testing allows the trends of passive restraint to be observed. Passive knee 

stability trial with anaesthetised patients have been shown to give similar results to in vitro 

tests, for example when assessing anterior laxity (Butler et al., 1980; Daniel et al., 1985), 

and so can be a useful tool in helping to inform advances in clinical assessment and per 

operative techniques.  

More research however, is required on how the ligaments are affected by implantation of a 

TKA, to decide which implant is suitable for the patient. It is imperative to have greater 

understanding of whether the standard soft tissue releases during arthroplasty actually 

improve the kinematics of the TKA to an idealised normal intact state, or whether some 

actually further introduce instability during various angles of knee flexion/extension. For 

example, with a medially tight knee, releasing medial structures such as the sMCL may 

correct the varus deformity (Whiteside, 2002) and, after choosing the correct TKA 

component thickness to tense the collateral ligaments, improve the varus-valgus restraint 

that the LCL and MCL can now give, becoming more tensed while the limb is in the 

corrected alignment. However if the sMCL is considered a secondary restraint to anterior 

drawer (Butler et al., 1980)  and a primary restraint to internal rotation (Robinson et al., 

2006), is the stability in these planes of motion then adversely affected by the release? 
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The authors of this study suggest that more research is required on the biomechanical 

variations caused by soft tissue deficiency as well as on the controlled releases performed 

by surgeons, so that a more quantifiable assessment can be made by less experienced 

surgeons on the choice of TKA implant for the specific patient. 
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3 Robotic Testing System 

This chapter describes the robotic testing system used in the experiments detailed in this 

thesis. The robot consisted of an articulating arm, a six degree of freedom force/ torque 

sensor, and custom built fixtures to attach the knee to the robot.  

The system was capable of running in both force and position control, which allowed 

different biomechanical investigations to be conducted. The chapter also sets out the testing 

protocol used to perform cadaveric experiments.   
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3.1 Introduction 

The testing of cadaveric knees in Materials Testing Systems (MTS, designed to apply 

compressive and tensile loads) originated by applying simple linear translations in one 

degree of freedom (DOF) (Butler et al., 1980). This required fixing the tibia in mid-rotation, 

and often applying a small distracting force keeping the femoral condyles apart from the tibia 

to prevent collision (Amis, 1989). Therefore these simplistic tests did not reflect normal 

motion or joint geometry of the knee. 

Testing in MTS progressed to using more complex rig set-ups that allowed the knee 

flexion/extension DOF to be fixed, one DOF to be imposed to the tibia e.g. straight 

anterior/posterior drawer, and the four other DOF (Figure 3.1) free to passively move in a 

more physiological motion (Amis and Scammell, 1993; Fukubayashi et al., 1982). However, 

when using these rigs the joint position (in 4 DOF) cannot be controlled. If a ligament is cut 

that influences knee motion other than the DOF imposed, e.g. the posterior cruciate ligament 

has a coupled external tibial rotation effect with posterior drawer, the joint geometry will not 

be retained (Race and Amis, 1996). Therefore the contribution to stability of other structures 

to the previously intact knee may be underestimated as a result.      

Further evolution of cadaveric testing has led to robotics which can create complex three-

dimensional trajectories to simulate knee joint motion more realistically and then provide 

position control to maintain knee geometry between successive tests.  Robotic testing 

platforms have been used to study: the contributions of soft tissue around intact and 

cruciate-deficient knees (Hoher et al., 1998; Kanamori et al., 2000; Kittl et al., 2016); the 

passive flexion arc of implanted knees with and without muscle loads (Li et al., 2001; Most et 

al., 2005); translational and rotational stability of different implant designs (Becker et al., 

2013; Lo et al., 2011); and the performance of ligament reconstructions (Liu et al., 2013; 

Wijdicks et al., 2013b). 

This chapter describes the robotic testing system developed at the Biomechanics Group in 

Imperial College London, and which was used extensively in the experiments detailed in 

Chapters 4, 5, 6 and 7. This includes the specifications of the manipulator and sensor, the 

custom rigs employed, and the principles and testing protocol utilised in testing cadaveric 

knee specimens. 
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3.2 Robotic manipulator and controller 

The TX90 6-axis industrial robotic manipulator (Stäubli Ltd, Zürich, Switzerland) featured an 

articulating arm capable of six DOF movement (Figure 3.2). According to the manufacturer’s 

specification, the TX90 had a maximum speed of 10.42 m/s, payload of 200N and positional 

repeatability of 0.03 mm.  

The manipulator was connected to a Stäubli CS8C robot controller, which housed a 

processor, and a manual control pendant which enabled arm power supply and movement 

control (Figure 3.3).  

The related program language used by the robot is VAL3, and specific programs and data 

collection were made on a connected laptop using Stäubli Robotic Studio software plus 

Matlab scripts (Mathworks, Natick, MA). 

Researchers using the robot were protected from the manipulator by a glass-fronted robot 

enclosure. The enclosure had two magnetic proximity sensors which ensured the robot could 

not be operated whilst the glass door was open. Both controller and manual control pendant 

emergency stop buttons were located outside the enclosure if required. 

 

  

Figure 3.1 The six degrees of freedom of the knee 
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Figure 3.2 TX90 Robotic Manipulator (Stäubli Ltd, Zürich) with six axes of rotation 

(adapted from Stäubli TX90 series industrial robots product leaflet, 

http://www.staubli.com/en/robotics/6-axis-scara-industrial-robot/medium-payload-6-

axis-robot/6-axis-industrial-robot-tx90/, accessed 27/08/2015) 

 

Figure 3.3 a) robot controller and b) manual control pendant (both Stäubli Ltd, Zürich), 

and c) the robot glass enclosure with magnetic proximity sensors. 

http://www.staubli.com/en/robotics/6-axis-scara-industrial-robot/medium-payload-6-axis-robot/6-axis-industrial-robot-tx90/
http://www.staubli.com/en/robotics/6-axis-scara-industrial-robot/medium-payload-6-axis-robot/6-axis-industrial-robot-tx90/
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Figure 3.4 Omega 85 force/torque sensor with labelled X, Y and Z axes (ATI Industrial 

Automation, Apex NC) 

 

3.3 Force/Torque Sensor 

A six axis force/torque sensor (Omega 85; ATI Industrial Automation, Apex NC) was 

attached to the end effector of the manipulator arm (Figure 3.4). The sensor enabled 

force/torque feedback information, which was utilised when the robot is running in either 

force or position control (see 3.5). It has a force sensing range of 3800 N (resolution +0.43 

N) for the Z axis and 1900 N (resolution +0.29 N) for the X and Y axes, and torque sensing 

range of 80 Nm for Z, X and Y axes (Z resolution +0.009 Nm and X-Y resolution +0.013 

Nm). 

The full scale measurement uncertainty of the sensor according to the manufacturer’s 

specification was 1.5% for force in X and Y axes, and 1% in the Z axis. This worst case 

performance was calculated from heavy cyclic loading at maximum force capacity e.g. in the 

Z axis the uncertainty error would be 38 N. However, when applying known weights to the 

sensor used in this study, it was found that the accuracy at loads similar to the experiments 

was ±1 N and ±0.1 Nm.    
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3.4 Custom fixtures 

When knee specimens were prepared for testing in the robot, the tibia and femur were fixed 

in cylindrical steel pots (see the detailed protocol in 3.6.1 and 3.6.2). This allowed for a rigid 

and repeatable technique with which to attach the specimen to steel/ aluminium fixtures 

custom designed for the robotic system (Figure 3.5).   

 Tibial fixture 3.4.1

The two-part fixture, when aligned with two metal locating dowels and secured together with 

two longitudinal screws, formed a cylindrical hole in which the tibial pot was tightly fixed to 

the robotic arm. When the fixture is disassembled, one part remains attached to the arm, 

and the other detaches completely. When the tibial pot was placed inside the assembled 

fixture, a conical headed locating screw was engaged into a matching conical hole in the 

outside wall of the pot and thus held the pot securely in position. This ensured that between 

testing when the pot needs to be removed from the fixture, it can be placed back in the 

fixture in a reproducible position. The repeatability of placing the pot back to the same fixture 

position was measured with an optical tracking system as 0.1 mm (El Daou, unpublished 

2016).   

An additional feature of the tibial fixture was inbuilt compliance using rubber bushes to 

prevent damage to either the sensor or the implanted knee. This is discussed in detail in 

Appendix 10.6.      

 Femoral fixture 3.4.2

The fixture consisted of two distinct components: an aluminium trunnion component held the 

femur pot securely, and a steel platform (coated with black paint) which screwed onto the 

robotic base. Between the two components, it was possible to rotate and translate the fixture 

in four DOF, and was securely fixed into a maintained position during testing with bolts and 

nuts.  

The femoral pot fit into a slide-fit hole in the aluminium component, and located precisely 

with two conical headed locating screws. Like the tibial fixture, this allowed the pot to be 

placed back in the fixture in the same position with 0.1 mm repeatability (El Daou, 

unpublished 2016). The part holding the femur pot could be repositioned at different angles 

of elevation to offer testing flexibility; however during testing in the project the pot remained 

aligned at 0° to the vertical.  



ROBOTIC TESTING SYSTEM 

33 
 

3.5 Biomechanical testing 

The robot was capable of running in both force and position control, which allowed different 

attributes of the specimen, soft tissue and implants to be investigated.  

 Force control setting 3.5.1

When a known force or torque is applied to the knee specimen, a displacement/ rotation will 

occur. Therefore when sectioning soft-tissue structures that would ordinarily restrain the 

motion, reapplication of the same load value will result in increased laxity (see a) in Figure 

3.6).  

For example, a robotic study by Petersen et al. (2008) investigated the role of the posterior 

cruciate ligament (PCL) and posteromedial structures by sequentially sectioning the 

structures and reapplying 134 N posterior load. The mean posterior tibial translation in an 

intact knee at 90° flexion was 5.0 mm, which significantly increased to 13.9 mm when the 

PCL was sectioned. Sectioning of the superficial and deep medial collateral ligament did not 

significantly increase translation, but further sectioning of a posterior oblique ligament 

increased translation to 23.6 mm. Thus the authors conclude that the PCL and posterior 

oblique ligament are restraints to posterior translation at 90° flexion.  

 

 

Figure 3.5 The tibial and femoral fixtures connecting the specimen to the robot 
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Figure 3.6 Example plots of robotic experiments conducted in a) force and b) 

displacement control. In both cases, applying a load on an intact knee produces a 

hysteresis curve (blue line). In force control, cutting a restraining structure increases 

translational laxity. In displacement control, reapplying the same intact displacement 

to the sectioned knee decreases the force required.     

 

Potential pitfalls in comparing soft-tissue laxities arise because the results are very 

dependent on the cutting order of the protocol. Cutting a secondary restraint may cause a 

significant laxity increase when the primary restraint has already been sectioned, however 

the effect may be insignificant if it is cut whilst the primary ligament is intact. Another 

experimental problem may occur if repeated load application on the knee joint after the 

primary restraint has been cut causes the overstressed secondary ligaments to rupture 

prematurely.    

Other robotic studies have utilised force control to compare knee laxity between different 

surgically altered states. For example, Wijdicks et al. (2013a) compared the laxities of intact 

and two different PCL reconstruction techniques (anatomic single- versus double- bundle). In 

the studies described in this thesis (Chapters 4,6 and 7), force control was utilised to 

compare laxities between intact, total knee arthroplasty (TKA) implanted and TKA with soft-

tissue reconstructed states.        

 Displacement control setting 3.5.2

When a known load has been applied in force control, the robot stores the resulting 

kinematic data in the 6 DOF. From this stored data, the robot can run in displacement control 

whereby the manipulator repeats the exact same movement. Therefore when sectioning 

soft-tissue structures that would ordinarily restrain the motion, replaying the same kinematics 
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will result in a drop in force/moment required to perform it, compared to the initial applied 

load (see b) in Figure 3.6).   

This reduction in force/moment at each sectioning stage is attributed to the force/moment 

restraint which had been offered by the sectioned tissue. The relative contribution of the 

structure to the restraint can then be calculated by dividing the reduction in force/moment by 

the original applied force/moment (multiplying this by 100 expresses the contribution as a 

percentage).  

The practice of repeating displacement control tests before and after cutting ligaments to 

determine their contributions relies on the principle of superposition. Rudy et al. (1996) set 

out rules that allow superposition to be applied: 

1. There is no interaction between the elements. 

2. Bony tissue must be rigid relative to the ligaments. 

3. The positions of the bones are repeatable.  

If these rules are strictly followed (in particular the interaction between the elements), Rudy 

et al. contended that the order in which ligaments are cut does not affect the results, unlike 

with a force control protocol.   

In the studies described in this thesis, displacement control was utilised to calculate the 

relative contributions of various soft tissues in TKA knees, when sequential cuts of ligaments 

were performed without removing the knee from the robot fixtures.  

It must be noted that several robotic papers refer to using displacement control to find the 

‘in-situ force’ of ligaments (Kanamori et al., 2000; Liu et al., 2015; Rudy et al., 1996). Force 

is a vector with both magnitude and direction, and so it has been described that the force 

carried within the ligament is calculated as the vectoral difference in forces between the 

sectioning stages (Liu et al., 2015). This is relevant in aiding surgeons on positioning and 

tension of ligament reconstructions, however was not deemed as relevant in this thesis. The 

purpose here was to compare the contributions of each structure to determine their relative 

usefulness in restraining a defined load, rather than what force is carried in each structure 

(which will be in different directions depending upon the orientation of the fibres). 

Nevertheless, care has been taken to differentiate the position control protocol in this thesis 

from ‘in-situ’ ligament forces (e.g. ‘the superficial medial collateral ligament contributed 10% 

of the resistance to posterior drawer in implanted knees at all flexion angles’ (Athwal et al., 

2016b)).       
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3.6 Testing protocol 

The methodology used in Chapters 4, 5, 6 and 7 is described here in detail. Any specific 

details that are only relevant to a specific study, such as TKA surgical technique or cutting 

sequence, are included in the relevant chapter.  

 Specimen preparation 3.6.1

Following ethics approval for the study, knee specimens were obtained from a tissue bank 

pre-cut from the human cadaver mid-shaft of the tibia and the femur. For each specimen, the 

tibia/ fibula and the femur were skeletonised 10.5 cm and 11 cm from the knee joint line 

respectively; within these limits the skin, musculature and soft tissue structures were left 

intact. Without the ankle joint complex the fibula is not securely held, which can affect the 

tension of the connected lateral collateral ligament and posterolateral structures. Therefore 

to transfix the fibular head to the tibia in an anatomical position, a transcortical bone screw 

was used. From the joint line 16 cm and 17 cm was marked on the tibia and femur 

respectively, and the excess femoral and tibial bone proximal and distal of these marks were 

removed using an oscillating saw. The fibula was cut at the edge of the skin and 

musculature limit on the tibia (10.5 cm from the knee joint line). 

Both the tibia and the femur were fixed in 60 mm diameter cylindrical steel pots. To align the 

long axis of the tibia centrally in the bone pot, a jig with a pointer was used (Figure 3.7). The 

tibial plateau was accessed by performing a midline incision to the skin and subcutaneous 

fat layer followed by a medial parapatellar arthrotomy with a No. 10 scalpel blade. The jig 

pointer located the centre of the tibia as between the tips of the tibial spines (Amis and 

Scammell, 1993), and the tibia was then held in place in the bone pot with three horizontal 

converging screws. Polymethyl methacrylate (PMMA) bone cement was set in the cavity 

between bone pot and tibia. Three K-wires were drilled into the knee to help attach the 

specimen to the robot fixture in neutral rotation and extension (3.6.2). One K-wire was 

inserted along the posterior condylar axis of the femur, and two more wires were drilled into 

the femur and tibia cortices, perpendicular to their longitudinal shaft axes, from an anterior 

entrance in a posterior direction (Figure 3.7).  

 Attaching specimen to the robot 3.6.2

The potted tibia was fixed to the robot tibial fixture. A conical headed screw located a conical 

indent on the tibial pot, and the two longitudinal screws were tightened to hold the two 

sections of the fixture together and the tibial pot tightly (Figure 3.7).      
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The knee was manually flexed 20 times to avoid soft tissue hysteresis, then the femoral 

bone pot was secured in the femoral fixture with the two conical headed screws locating two 

indents on the pot (Figure 3.7). Whilst the knee was held in full extension (approximated 

when the two wires in the tibial/ femoral cortices became parallel with a spirit level), the 

femur was held in the bone pot with three screws, with the posterior condylar axis (located 

with the K-wire) aligned parallel to the fixture, and then set with PMMA.   

 Applied force/torque measurements  3.6.3

(Note: This has been taken from a published study (Athwal et al., 2016b)). 

When the knee was first secured in the robotic system, the path of passive motion of the 

knee was found by applying a flexion rotation (with three repeats). During the flexion, the 

robotic system minimised forces and moments acting across the knee. The robotic system 

recorded the positions during the last passive flexion repeat, to determine the starting points 

for the loaded tests. For example in Chapter 5, the positions at 0°, 30°, 60° and 90° flexion 

were recorded.  

At each of these flexion positions, an anterior-posterior force, a varus-valgus torque and an 

internal-external rotational torque were applied. In each situation, the robotic system 

minimised the loads in the secondary DOF to the primary applied force/ torque. Each test 

was repeated three times, and the magnitudes of the loads are documented in the relevant 

study chapters. 

When investigating the contributions of soft-tissue structures around the knee, the relevant 

tissue was cut and then the robot was utilised in position control. The exact kinematics of the 

initial loading conditions were played back i.e. anterior-posterior drawer, varus-valgus and 

internal-external rotations at the different flexion starting positions, and thus the contribution 

of the soft-tissue could be calculated (3.5.2). The cuts were performed whilst the knee 

remained attached to the robot, so that any changes in the loads were caused solely by 

each of the transected structures, by the principle of superposition. 
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Figure 3.7 Clockwise from top left: a K-wire was drilled anterior-posteriorly through 

the tibial cortex perpendicular to the long axis of the tibial shaft; a jig with a pointer 

aligned the centre between the tips of the tibial spines with the centre of the bone pot; 

the femoral steel pot contained two indents which allow two conical headed screws in 

the femoral fixture to fixate in a repeatable position, as well as three converging 

screws at the top of the pot which held the bone in place whilst bone cement was 

filled into the cavity; the two parts of the tibial fixture were aligned with two dowels, 

fixed to the tibial pot with the central conical headed screw, and secured together with 

the two black screws.   
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4 Medial Release in Primary Total Knee Arthroplasty 

The aim of this study was to quantify the contributions of medial soft-tissues to stability 

following cruciate-retaining (CR) or posterior-stabilised (PS) total knee arthroplasty (TKA). 

Using a robotic system, eight cadaveric knees were subjected to ±90 N anterior-posterior 

force, ±5 Nm internal-external and ±8 Nm varus-valgus torques at various flexion angles. 

The knees were tested intact and then with CR and PS implants, and successive cuts of the 

deep and superficial medial collateral ligaments (dMCL, sMCL) and posteromedial capsule 

(PMC) quantified the percentage contributions of each structure to restraining the applied 

loads.  

In implanted knees, the sMCL restrained valgus rotation (62% across flexion angles), 

anterior-posterior drawer (24% and 10% respectively) and internal-external rotation (22% 

and 37%). Changing from CR to PS TKA increased the load on the sMCL when resisting 

valgus loads. The dMCL restrained 11% of external and 13% of valgus rotations, and the 

PMC was significant at low flexion angles.  

This work has shown that medial release in the varus knee should be minimised, as it may 

inadvertently result in a combined laxity pattern. There is increasing interest in preserving 

constitutional varus in TKA and this work argues for preservation of the sMCL to afford the 

surgeon consistent restraint and maintain a balanced knee for the patient. 

  

  

The majority of the material in this chapter has been published in Knee Surgery, Sports 

Traumatology, Arthroscopy, and is reproduced in accordance with the licensing policy of 

Springer.  

Athwal K.K., El Daou H., Kittl C., Davies A.J., Deehan D.J., Amis A.A., 2016. The superficial 

medial collateral ligament is the primary medial restraint to knee laxity after cruciate-retaining 

or posterior-stabilised total knee arthroplasty: effects of implant type and partial release. 

Knee Surgery, Sports Traumatology, Arthroscopy, 24, 2645-2655. (License number 

3916980289190) 
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4.1 Introduction 

Whilst there have been many studies examining the role of the medial passive soft-tissue 

structures in the native and injured knee, there remains little information on the restraint that 

they provide in the presence of a knee replacement (Butler et al., 1980; Haimes et al., 1994; 

Petersen et al., 2008; Robinson et al., 2006; Sakane et al., 1999). In the case of primary 

total knee arthroplasty (TKA), which is most commonly performed using either a posterior 

cruciate-retaining (CR) or posterior-stabilised (PS) implant, the onus is on these soft tissues 

to help provide restraint, but the effect of the altered joint mechanics post-arthroplasty is not 

universally agreed upon (Verra et al., 2013). In-vivo and cadaveric studies have found 

conflicting differences between CR and PS in varus-valgus (Hino et al., 2013; Hunt et al., 

2015), internal-external rotation (Banks et al., 1997; Wünschel et al., 2013) and anterior 

drawer (Ishii et al., 2005; Li et al., 2001). Differences may be attributed to methodology, 

specimen/patient variability or even TKA designs between manufacturers.   

The soft-tissues on the medial aspect of the knee have been described as consisting of 

three distinct layers: the most superficial being a fascial layer, the second layer containing 

the superficial medial collateral ligament (sMCL), and the deepest layer containing the deep 

medial collateral ligament (dMCL) and the posteromedial capsule (PMC) (Warren and 

Marshall, 1979). The sMCL has a femoral attachment near the epicondyle (LaPrade et al., 

2007) and inserts 60-80 mm distal to the joint line (Robinson et al., 2004). The dMCL, 

previously identified as the mid-third medial capsular ligament (Warren and Marshall, 1979),  

lies deep to the posterior fibres of the sMCL as a two-part structure (meniscofemoral and 

meniscotibial) of the capsule (Robinson et al., 2004). Posterior to the dMCL, the PMC is 

formed of a large range of fibres attached to the femur around the base of the adductor 

tubercle and to the tibia just distal to the joint line posteromedially (Robinson et al., 2004; 

Warren and Marshall, 1979).  

During TKA surgery, it is general practice for ligaments and soft tissue to be balanced in 

order to align the knee in extension and flexion (Fujimoto et al., 2013). In the case of a varus 

knee, the medial structures may be overly tight and require judicious release to correct the 

deformity. However there is a large discrepancy in suggested protocols between studies, 

with a lack of evidence to support them (Hunt et al., 2014a). Delineation of the contribution of 

the medial soft-tissues to functional constraint is imperative so as to avoid iatrogenic laxity 

(Athwal et al., 2014). Releasing the sMCL may correct varus deformity (Whiteside, 2002) 

and relax the lateral structures, but it may adversely affect stability in anterior drawer or 

internal-external rotation (Butler et al., 1980; Robinson et al., 2006). Similarly, the dMCL may 
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be damaged by tibial bone resection, particularly in a small knee (Maes et al., 2014), but the 

role of the dMCL post-arthroplasty has not been measured. 

The objective of this study was to determine the contribution of different medial structures in 

stabilising the implanted knee and identify whether the choice of implant affects this. Based 

on previous studies investigating the role of the medial structures in native knees, it was 

hypothesised that the sMCL would be an important restraint in valgus and internal-external 

rotation. Also, given that there is no clear trend in studies to suggest differences between CR 

and PS-TKA, it was hypothesised that the contributions would be similar in both CR and PS 

knees.  

4.2 Materials and Methods 

Following ethics approval, eight fresh-frozen human cadaver (four female and four male) 

knee specimens of median age 80 (range 59–96) were obtained from a tissue bank (five left-

sided and three right-sided). None of the knees exhibited more than superficial articular 

surface changes, misalignment, or fixed flexion.  

The preparation of the native knee specimens, specification of the robotic system and 

securing the knee to the robot have been described at length in Chapter 3. After bone 

potting, the medial arthrotomy used to align the tibia with the tibial pot was closed with a size 

2 Ethibond Excel suture (Ethicon Inc., Somerville, NJ).    

 Testing Protocol 4.2.1

The knee was manually flexed 20 times to avoid soft tissue hysteresis, then in the robot the 

path of passive motion of the native knee was found by applying a flexion rotation (with three 

repeats) in order to record the starting points for the loaded tests. These flexion angles were 

15°, 30°, 60° and 90°. 

At each flexion position, a ±90 N anterior-posterior (AP) force, a ±8 Nm varus-valgus (VV) 

torque and a ±5 Nm internal-external (IE) rotational torque were applied. In each situation, 

the robotic system minimised the loads in the secondary DOF to the primary applied force/ 

torque. These loads were chosen as being comparable to other studies (Gollehon et al., 

1987; Petersen et al., 2008; Robinson et al., 2006), with 90 N being  a similar force to that 

applied by a KT 1000 arthrometer in AP drawer (Daniel et al., 1985). Each test was repeated 

three times. 

After native knee data collection, the knee was removed from the robot and a CR TKA (PFC 

Sigma; DePuy Synthes Joint Reconstruction, Leeds, UK) was implanted by a consultant 

orthopaedic surgeon using a medial parapatellar approach.  The surgical technique used a 
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standard combination of measured resection and gap balancing performed in full extension 

and 90° of flexion. The femur was referenced using an intramedullary guide rod set at 5° of 

valgus. The cutting block was placed against the distal femoral bone in neutral rotation with 

respect to the epicondylar axis, and a measured 9 mm resection was made from the least 

affected side of the distal femur. Femoral sizing was performed using anterior referencing. 

On the tibial side, an intramedullary rod was used with a 3° posterior slope on the tibial block 

positioned with respect to the tibial anterior prominence. This corresponded to the centre of 

the tibial tuberosity in our knee specimens. A resection of 10 mm of bone was made from the 

least affected, most superior proximal tibial surface. Gap balancing was confirmed using 

spacers to achieve a rectangular space both in full extension and flexion after bone resection 

but before chamfer femoral cuts.   The tibial component was cemented to the bone whilst the 

femoral component was implanted using a press-fit technique. It was known from prior work 

that press-fitting the femoral component gave secure fixation at the experimental loads (Bull 

et al., 2008). No soft tissue releases were performed and ‘tenting’ of the collateral ligaments 

was avoided by removing any osteophytes. A stable knee was taken as that which allowed 

for normal unaided unimpeded patellar tracking, did not exhibit either medial or lateral 

opening after implant trialling and was confirmed through a passive full range of movement 

from full extension. The knee joint with the CR TKA was then fixed back on the robot at the 

same angle of flexion as when the knee had been intact (with the arthrotomy sutured 

closed), but with other coordinates altered by the implant geometry. Loads of ±90 N AP, ±5 

Nm IE and ±8 Nm VV were applied at the same angles of flexion as for the intact native 

knee.  

The effect of a medial release with the CR TKA was tested by transecting in sequence the 

following structures: the dMCL, the sMCL, and the PMC (Table 4.1). Fibres of the dMCL 

were cut just distal to the joint line, and remnants of the medial meniscus and its connected 

tissues were removed. The sMCL was released in two stages: firstly a ‘Whiteside’s release’ 

was performed using an osteotome passed deep to the anterior fibres and elevating them 

from their tibial attachment (Whiteside, 2002; Whiteside et al., 2000). The anterior fibres 

were easily differentiated in deep flexion because they were more taut than the posterior 

fibres. The second stage was a transection at the joint line across all the sMCL fibres. The 

PMC was cut across the fibres attached to the semimembranosus tendon and across other 

connective tissues just distal to the joint line located posteromedially from the dMCL. These 

cuts were performed whilst the knee remained attached to the robot, so that any changes in 

the loads were caused solely by each of the transected structures, by the principle of 

superposition.  
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After each transection stage, the robot was utilised in position control to play back the exact 

kinematics of the CR TKA implanted stage. Thus the reduction in restraining force/moment 

after each transection stage was attributed to the force/moment restraint which had been 

offered by the transected structure (Rudy et al., 1996).   

In four out of the eight knees, the CR TKA knee was taken out of the robot prior to the 

medial release stages and replaced with a PFC Sigma PS implant. The PS conversion 

retained the same tibial tray with a different polyethylene tibial inlay; the resection of the PCL 

required extra cuts into the femur to fit the PS femoral component with box feature, again 

cement-free. The knee joint with the implanted PS TKA was then tested using the identical 

procedure as for the CR TKA, with the medial cuts performed with the knee remaining in the 

robotic fixtures. 

Approval for this study (project code R13066) was given by the Imperial College Healthcare 

Tissue Bank under the Human Tissue Authority licence number 12275.  
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Figure 4.1 Hysteresis curves at different flexion angles for one specimen (KA5, with a 

posterior stabilised implant). The blue lines are the implanted knee kinematics in 

response to a ± 8Nm varus-valgus torque (in this instance; positive torque = varus, 

negative torque = valgus). 
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Table 4.1 Outline of the experimental protocol and data obtained. 

Knee State Kinematic Test Data Obtained 

Native knee ± 90N AP, ± 8Nm VV, ± 5Nm IE Kinematics of intact knee (I) 

Implant CR TKA ± 90N AP, ± 8Nm VV, ± 5Nm IE Kinematics of CR knee (II) 

Implant PS TKA a ± 90N AP, ± 8Nm VV, ± 5Nm IE Kinematics of PS knee (III) 

Transect dMCL Repeat kinematics II / III a Restraining loads from dMCL 

Release anterior 
fibres of sMCL 

Repeat kinematics II / III a Restraining loads from 
anterior fibres of sMCL 

Transect entire sMCL Repeat kinematics II / III a Restraining loads from sMCL 

Transect PMC Repeat kinematics II / III a Restraining loads from PMC 

Key to content: AP = anterior-posterior force, VV = varus-valgus torque, IE = internal-external torque, CR TKA = 

cruciate-retaining total knee arthroplasty, PS TKA = posterior-stabilised total knee arthroplasty, dMCL = deep 

medial collateral ligament, sMCL = superficial medial ligament, PMC = posterior medial capsule. 

a 
The PS TKA was implanted in four of the total eight knees. In these four knees, the following knee states were 

subject to kinematics III.  

 Statistical Analysis 4.2.2

Mean peak forces/torques and translations/rotations from the three repeats were calculated 

using a custom Matlab (Mathworks, Natick, MA) script. After each medial cut, the drop in 

force/ torque required to repeat the kinematics was attributed to the restraint offered by the 

cut structure as a percentage of the original force/torque value (Figure 4.1). As the 

repeatability of the system was 0.03 mm, the output data was determined to one decimal 

place; however the percentage results here are given to the nearest whole number.  

Statistical analysis was performed in SPSS 22 (IBM SPSS Statistics, version 22, Armonk, 

NY). Two-way repeated-measures analysis of variance with pairwise comparisons with 

Bonferroni correction was performed to compare the force/torque contribution (dependent 

variable) to the medial structure cut at different flexion angles (independent variables), and 

to compare laxities (dependent) to the knee state (native, CR TKA, PS TKA) at different 

flexion angles (independent), with significance level set at p<0.05. A power analysis based 

on a prior study (Smith et al., 2014) indicated that when comparing between native, CR and 

PS TKA laxities, four knees were needed to detect a clinically significant change of 4 mm 

translation and 8° rotation from standard deviations of 2 mm and 4° respectively. A post hoc 
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power analysis indicated that, when comparing the soft-tissue contribution in the eight 

implanted knees with the standard deviations calculated, contributions of 9% could be 

detected with 80% power and 95% confidence. Hence, a significant restraint/stabiliser at a 

given flexion angle was defined as having a mean resisting contribution greater than 10% 

with p<0.05.  

To compare the contributions of the sMCL in CR and PS TKAs, a one-way analysis of 

variance was used with unpaired comparisons with Bonferroni correction. Power analysis 

indicated that with the standard deviations found, a difference in sMCL contribution of 18% 

would be detected with 80% power and 95% confidence. 

4.3 Results 

The results have been tabulated in full in Appendix 10.1; the main results have been 

explained here. 

 Anterior-Posterior Translation  4.3.1

Under a 90 N anterior force, the CR knee was significantly more lax than the native knee at 

30° (p=0.012), 60° (p<0.001) and 90° (p=0.002), whilst the PS knee was significantly more 

lax than the native knee at 60° (p=0.005) and 90° (p=0.009). However, a significant 

difference was not found between the CR and PS knees at any flexion angle (Figure 4.3). In 

all implanted knees, the sMCL was the greatest medial stabiliser to anterior translation 

(Figure 4.4), with a percentage contribution ranging from 18 ± 12% (mean ± standard 

deviation, p=0.029) at 15° flexion, to 29 ± 11% (p=0.001) at 60°. Under a 90 N posterior 

force, both the CR and PS knees were significantly more lax than the native knee at 15° 

(p=0.034, 0.036), 30° (p=0.007, <0.001) and 60° flexion (p=0.037, 0.003) respectively 

(Figure 4.3). A significant difference was not found between the CR and PS knees at any 

flexion angle. On average, the sMCL contributed 10% of the resistance to posterior drawer in 

implanted knees at all flexion angles (Figure 4.5), however this was only found to be 

significant at 15° (p=0.03).    

 Internal-External Rotation  4.3.2

In response to a 5 Nm torque, no significant difference was found in internal rotation laxity 

between the native, CR or PS knee at any flexion angle (Figure 4.6).  The dominant medial 

restraint to internal rotation in all implanted knees was the sMCL (Figure 4.7), with 

contributions ranging from 17 ± 8% at 15° (p=0.004) to 25 ± 11% at 60° (p=0.003) flexion. 

When a 5Nm external rotation torque was applied, no significant difference was found in 

rotational laxity between the native, CR or PS knee at any flexion angle (Figure 4.6). Again, 
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the sMCL offered the greatest medial restraint to rotation in all implanted knees (Figure 4.8), 

with contributions ranging from 33 ± 15% (p=0.003) at 15° to 39 ± 13% (p<0.001) at 60° 

flexion. The dMCL had a significant contribution to resisting external rotation of 11 ± 7% at 

30° flexion (p=0.028),  

 Varus-Valgus Rotation  4.3.3

In response to an 8 Nm valgus torque, no significant difference in rotational laxity was found 

between the native, CR or PS knee at any flexion angle (Figure 4.9). In all implanted knees, 

the sMCL was the primary restraint to valgus rotation at all angles of flexion tested (Figure 

4.10), with nearly-constant contributions from 59 ± 30% (p<0.001) at 15°, up to 65 ± 14% 

(p<0.001) at 30° flexion. ‘Whiteside’s release’ reduced the valgus restraint by 16 ± 13% at 

15° flexion (n.s.), to 21 ± 23% at 90° flexion (n.s.); the change with knee flexion was not 

found to be significant. The PMC resisted 11 ± 7% of the valgus torque at 15° (p=0.028), 

which dropped substantially with increasing flexion, and the dMCL restrained 11 ± 6% 

(p=0.008) and 12 ± 7% (p=0.012) at 15° and 30° respectively. Between the implants a trend 

was noted: with increasing flexion there was a larger reliance on the sMCL to restrain the 

valgus torque in the PS than the CR implant: this was found as significant at 30° (p=0.034) 

and 60° flexion (p=0.011). 

In response to an 8 Nm varus torque, no significant difference was found in rotational laxity 

between the native, CR or PS knee at any flexion angle (Figure 4.9). None of the medial 

structures resisted the varus moment significantly (Figure 4.11).  

 

Figure 4.2 Illustration demonstrating the medial structures with total knee arthroplasty 

(posteromedial view of a right knee) 
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Figure 4.3 ANTERIOR-POSTERIOR (AP) translation in response to a ± 90N AP force. 

Error bars denote the standard deviation at each flexion angle. * indicates statistical 

significant translation compared with the intact native state. CR = cruciate-retaining 

implant, PS = posterior-stabilised implant. 

 

Figure 4.4 Percentage contributions of the deep and superficial medial collateral 

ligaments (dMCL and sMCL) and posteromedial capsule (PMC) in resisting a 90N 

ANTERIOR force in implanted knees, with 95% confidence intervals. * indicates a 

statistically significant contribution greater than 10%. For the sMCL, the contributions 

are further separated into CR and PS implants. 
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Figure 4.5 Percentage contributions of the deep and superficial medial collateral 

ligaments (dMCL and sMCL) and posteromedial capsule (PMC) in resisting a 90N 

POSTERIOR force in implanted knees, with 95% confidence intervals. * indicates a 

statistically significant contribution greater than 10%. For the sMCL, the contributions 

are further separated into CR and PS implants. 

 

Figure 4.6 INTERNAL-EXTERNAL (IE) rotation in response to a ± 5Nm IE moment. 

Error bars denote the standard deviation at each flexion angle. CR = cruciate-retaining 

implant, PS = posterior-stabilised implant, Intact = intact native state. 
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Figure 4.7 Percentage contributions of the medial collateral ligaments (dMCL and 

sMCL) and posteromedial capsule (PMC) in resisting a 5Nm INTERNAL moment in 

implanted knees, with 95% confidence intervals. * indicates a statistically significant 

contribution greater than 10%. For the sMCL, the contributions are further separated 

into CR and PS implants. 

 

Figure 4.8 Percentage contributions of the medial collateral ligaments (dMCL and 

sMCL) and posteromedial capsule (PMC) in resisting a 5Nm EXTERNAL moment in 

implanted knees, with 95% confidence intervals. * indicates a statistically significant 

contribution greater than 10%. For the sMCL, the contributions are further separated 

into CR and PS implants. 
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Figure 4.9 VARUS-VALGUS (VV) rotation in response to a ± 8Nm VV moment. Error 

bars denote the standard deviation at each flexion angle. CR = cruciate-retaining 

implant, PS = posterior-stabilised implant, Intact = intact native state. 

 

Figure 4.10 Percentage contributions of the medial collateral ligaments (dMCL and 

sMCL), ‘Whiteside’s release’ of the anterior sMCL fibres, and posteromedial capsule 

(PMC) in resisting an 8Nm VALGUS moment in implanted knees, with 95% confidence 

intervals. * indicates a statistically significant contribution greater than 10%. For the 

sMCL, the contributions are further separated into CR and PS implants, where ƚ 

indicates a statistically significant difference between the contribution in the CR and 

PS. 
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Figure 4.11 Percentage contributions of the medial collateral ligaments (dMCL and 

sMCL) and posteromedial capsule (PMC) in resisting an 8Nm VARUS moment in 

implanted knees, with 95% confidence intervals.  

4.4 Discussion  

The most important finding of the study was that the sMCL is the primary medial ligamentous 

restraint in the implanted knee, demonstrating a consistent role in resisting valgus, internal-

external rotations, and anterior translation at all flexion angles examined. Another finding 

was that no significant difference in laxity was found between the CR and PS TKAs. When 

comparing the sMCL contributions between the implants, no evidence was found to suggest 

that the cam-box mechanism of the PS TKA could improve stability of the implanted knee 

when faced with severe medial ligamentous deficiency; on the contrary, the loss of restraint 

by the PCL led to significantly raised restraining actions being imposed onto the sMCL after 

PS than CR TKA. Therefore surgical release of the sMCL can result in gross laxity not 

compensated for by the other medial structures or the relatively unconstrained CR or PS 

implants. Attempts at correction of pre-existent varus through release of the sMCL may 

inadvertently result in a new combined laxity pattern.  

Little work exists on how the contributions of the medial structures are affected by knee 

replacement (Athwal et al., 2014). Studies using a robotic system to test CR/PS TKA 

performance have either focussed on flexion arc comparisons (Li et al., 2001; Most et al., 

2003b; Wünschel et al., 2013), or have applied AP, IE and VV to implanted knees without 

investigating soft tissues (Mueller et al., 2014). Other papers that investigated the function of 

the MCL and PMC after TKA with surgical releases (such as in operative varus correction) 
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were only able to compare increased laxity and were not able to determine the percentage 

contribution made by entire structures in restraining motion (Saeki et al., 2001; Whiteside et 

al., 2000). It is mechanically equivalent to transect the ligaments as a sub-periosteal release, 

but in this time-zero study healing effects at the insertion points were not of interest.    

Previous cadaveric studies on the sMCL in the native knee have similar findings to the 

implanted knees in this study, so the mechanics of medial ligamentous stabilisation of the 

knee were largely preserved after TKA. The changes which have been found include a 

significant contribution to resisting anterior drawer in an ACL-deficient knee, in internal-

external rotation whilst in flexion, and in valgus rotation at all flexion angles (Kanamori et al., 

2000; Robinson et al., 2006; Warren et al., 1974). Along with the sMCL, it was found that the 

PMC acted as a restraint in valgus rotation when the knee was near full extension, and in 

valgus, internal and external rotation the contribution of the PMC significantly decreased with 

increasing flexion. This concurs with the posterior fibres being stretched in extension and 

slackened with flexion (Robinson et al., 2004). In some specimens it was difficult to identify 

the dMCL and its tibial attachments. This observation agrees with the study by Maes et al. 

(2014), which found that on average 54% of the dMCL tibial attachment area was resected 

in 33 cadaveric knees after a standard 9 mm TKA tibial cut. It was also evident that the 

dMCL attachment to the medial meniscus (Robinson et al., 2004) was affected by removing 

the meniscus during implantation. Therefore, the data showing the role of the dMCL is likely 

to be at the lower bound of its contribution if some of the TKA procedures had caused 

damage. Previously, Griffith et al. (2009) had reported that the dMCL is an important IE and 

valgus restraint in intact kneesGriffith et al. (2009), although Robinson et al. (2006) found no 

significant increases in IE laxity in intact knees when the dMCL was cut, and a significant 

increase in valgus laxity only if the sMCL had been cut previously.  

This study found increased AP laxity with the CR and PS implants compared with the native 

knee. This disagrees with the work by Saeki et al. (2001), which only found an increase in 

AP laxity after TKA at 90° flexion. This may partially be explained by the lack of axial 

compression loading in the present study, which represented a clinical laxity test of the 

unloaded knee: here the knees were loaded in AP to ±90 N. Saeki et al. applied a 45 N axial 

load and only a 35 N AP force. The concavities in the tibial plateaus of CR/PS implants 

locate the femoral condyles under axial joint compression, and hence provide knee stability 

(Haider and Walker, 2005). Another explanation may be due to the unconstrained tests in 

the present study. With the robot being allowed to introduce secondary motion to minimise 

forces and moments in the other planes of motion, the absence of one or both of the cruciate 

ligaments in the implanted knees manifested in increased laxity. This study also found no 

significant difference in VV and IE laxity between the native and implanted states. This was 
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in agreement with Stoddard et al. (2013), who applied 5 Nm IE and 3.5 Nm torques in 

addition to 400 N extensor loads during active flexion arcs and found no significant 

difference between native and implanted state. Other cadaveric studies with loaded 

quadriceps and hamstrings, which applied VV and IE to the surgeon’s subjective endpoints 

rather than fixed moments as in this study, also found there to be similar rotatory kinematics 

between native and implanted knees (Ghosh et al., 2014; Hunt et al., 2014b).  

When comparing the contributions of the sMCL between the implants, in most cases there 

were no large differences between the CR and the PS. However, a difference was observed 

in valgus rotation, when the PS implant had to rely more on the sMCL to offer restraint than 

the CR: without the PCL, which is a secondary restraint to valgus rotation (Grood et al., 

1981),  a larger load was imposed onto the sMCL. This finding supports a recent in-vivo 

study with varus matched pairs, which found that PS knees showed a greater medial gap 

increase then CR knees when extensive soft tissue release was required (Kim et al., 2015). 

Matsumoto et al. (2013) used an offset-type tensor to balance soft tissues with a stepwise 

medial release throughout a range of motion, and reported that the PS implanted knees 

increased joint centre gap in deep flexion compared to CR knees. Banks and Hodge (2004) 

used fluoroscopy to compare the centre of rotations in CR and PS patients during a single-

leg step up-and-down on a stair, and found that whilst 63% of CR had a lateral centre of 

rotation, 75% of PS had a medial centre of rotation. This result would imply that during 

weight-bearing activities the CR would more likely tense the medial ligaments than in the PS 

(by having a larger moment arm from the centre of rotation). However, the effect of active 

muscles in-vivo may account for difference in tibiofemoral movement found in-vitro (Banks et 

al., 1997), and this study found that if the knee was exposed to a valgus moment and both 

implants were pivoted about the lateral condylar surface, the PS knee would require more 

sMCL restraint. Further studies should investigate the contribution of the PCL in the CR 

knee, which would be expected to be different than in a native knee due to the change in 

articular surface, tensioning disparities, and potential partial resection caused by tibial 

plateau resection (Matziolis et al., 2012).        

This cadaveric study has measured the contributions of each of the medial passive soft-

tissue restraints to tibiofemoral joint laxity in relatively normally-aligned knees, while the 

surgeon in clinical practice may have to correct limb misalignment. In the varus knee minimal 

medial release is required to achieve coronal plane symmetry and restore correct 

mechanical alignment such that the weight bearing axis passes through the centre of the 

knee (Bellemans, 2011). Over-release of any medial (contracted or otherwise) structures 

risks defunctioning the knee and creating an instability pattern. The ‘Whiteside’s release’ of 

the anterior fibres caused a 18% loss of valgus restraint on average across flexion angles, 
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equivalent to losing approximately a third of the restraining action of the sMCL. However, 

that may be regained by healing post-surgery, as hypothesised in a recent study reporting 

good results with subperiosteal release of the MCL in PS knees 6 months and 1 year 

postoperatively (Cho et al., 2015). In valgus alignment, which is more likely to load the MCL 

during gait, only the anterior portion of the deep medial collateral ligament should be 

elevated from the tibial bone and only to a depth sufficient to allow for safe tibial bone 

resection. Such measured release is akin to measured bone resection performed as a 

standard operating technique. Further studies would be required to ascertain the increased 

laxity changes from stepwise release of each of the structures. Instrumented implants 

(Gustke, 2014) could be used in-vitro to find if CR and PS implants produced different centre 

of pressures and rotations when affected by step change release of the medial structures.   

Limitations of the cadaveric study include being conducted at time-zero and therefore 

investigation of long-term stability of the implants and ligaments was not possible. However, 

since ligament balancing is conducted per operatively, the study gave an accurate 

representation of how the medial soft tissues act to restrain knee laxity at the end of this 

process. This experiment did not add axial joint compression or simulate muscle tensions 

(both of which would increase the stability of the implanted knees), but simulated a clinical 

evaluation of joint laxity. An example of muscle loading would be the semimembranosus 

tendon, to which the PMC has several connections (LaPrade et al., 2007), although it may 

be suggested that due to the orientation of the tendon it is unlikely to provide any restraint 

itself (Amis et al., 2003). Release of the pes anserinus tendons (Matsumoto et al., 2011) was 

not assessed because this study investigated the passive mechanics of the ligamentous 

tissue on the medial side of the knee. 
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4.5 Conclusion 

This work has examined the relative contributions of the medial structures to stability of the 

implanted primary TKA. There is increasing interest in preserving constitutional varus and 

minimising medial release and this work argues for preservation of the sMCL to afford the 

surgeon consistent restraint and a balanced knee for the patient, with both CR and PS 

TKAs. The cam/box of the PS-TKA did not augment valgus stability; rather the loss of the 

PCL caused greater loads to fall onto the MCL than in a CR-TKA. 
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5 Medial Release in Constrained Total Knee Arthroplasty 

The aim of this study was to quantify the medial soft-tissue contributions to stability following 

constrained condylar (CC) rotating platform non-hinged total knee arthroplasty (TKA).   

Eight cadaveric knees with CC TKA were mounted in a robotic system and tested at 0°, 30°, 

60°, and 90° of flexion with ±50 N anterior-posterior force, ±8 Nm varus-valgus and ±5 Nm 

internal-external torque. The deep and superficial medial collateral ligaments (dMCL, sMCL) 

and posteromedial capsule (PMC) were transected and their relative contributions to 

stabilising the applied loads were quantified.  

In the CC TKA knee, the sMCL was the major medial restraint in anterior drawer, internal-

external and valgus rotation. In the event of sMCL deficiency, a CC TKA alone may not 

provide enough stability.  

   

The majority of the material in this chapter has been published in Knee Surgery, Sports 

Traumatology, Arthroscopy, and is reproduced in accordance with the licensing policy of 

Springer. 

Athwal K.K., El Daou H., Inderhaug E., Manning W., Davies A.J., Deehan D.J., Amis A.A., 

2016. An in vitro analysis of medial structures and a medial soft tissue reconstruction in a 

constrained condylar total knee arthroplasty.  Knee Surgery, Sports Traumatology, 

Arthroscopy, DOI 10.1007/s00167-016-4087-0. (License number 3916980428417)   
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5.1 Introduction 

Constrained Condylar Total Knee Arthroplasty (CC TKA) was introduced in the 1970s as a 

form of knee replacement that offers more stability than conventional posterior-stabilised 

(PS) TKA (Walker and Manktelow, 2001). The larger post-cam mechanism is intended to 

provide more support and minimise risk of posterior dislocation of the tibial post. Therefore it 

has been utilised as either a first option when a primary TKA fails and requires revision 

(Dennis et al., 2008), or as a more-constrained primary choice if the surgeon is unable to 

balance the knee in both flexion and extension (Lachiewicz and Soileau, 2006).  

Further restraint can be found in a rotating hinge (RH) design with linked tibial and femoral 

components. However as the design becomes more constrained and massive, greater loads 

are transmitted to the implant-bone interface (with less soft-tissue support) and thus 

loosening becomes a greater risk (Athwal et al., 2014), as well as requiring more bone 

resection (Morgan et al., 2005). According to the manufacturer’s indications for the implant 

used in this study (P.F.C. Sigma TC3; DePuy Synthes Joint Reconstruction, Leeds, UK) 

(Depuy, 2013), an RH implant should be used instead of a CC implant when the medial 

collateral ligament (MCL) is absent. Many papers support the use of CC over PS TKA when 

the MCL is present and lax, and the use of a RH over CC TKA with absence of the MCL 

(Girard et al., 2009; Gustke, 2005; Morgan et al., 2005; Sculco, 2006). This is not always 

followed clinically as surgeons would prefer to minimise size and constraint of the implant 

and still achieve stability. There is little detailed evidence to show how much CC TKA relies 

on the soft-tissue to provide constraint, therefore it is difficult to inform the surgeon when a 

CC TKA would be preferable to a PS TKA, or when to move from a CC TKA to a RH design. 

The aim of this study was to measure the relative contributions of medial soft tissue 

structures to resisting tibial displacing loads in a CC implanted knee, across a functional arc 

of knee flexion. This will allow clinicians to better understand the indications for constrained 

implant use in presence of ligamentous deficiency. The null hypothesis was that there would 

not be a significant difference in the relative contributions of each of the medial soft tissue 

structures to resisting tibiofemoral laxity.  
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5.2 Materials and Methods 

 Specimen Preparation 5.2.1

Following ethics approval, eight fresh-frozen human cadaver (six male and two female) knee 

specimens of median age 68 (range 63–72) were obtained from a tissue bank (five right-

sided and three left-sided). The knees had no evidence of fixed flexion, misalignment or 

significant arthritic deterioration.  

For each specimen a midline incision was performed, followed by a medial parapatellar 

arthrotomy. A rotating-platform CC TKA (P.F.C. Sigma TC3; DePuy Synthes Joint 

Reconstruction, Leeds, UK) was implanted by a consultant orthopaedic surgeon, using a 

standard combination of measured resection and gap balancing performed in full extension 

and 90° of flexion. The femur was referenced using an intramedullary guide rod set at 5° of 

valgus. The distal femoral cutting block was placed in neutral rotation with respect to the 

epicondylar axis, and a 9 mm resection measured from the least affected condylar side was 

made to the distal femur. Femoral sizing was performed using an anterior down technique. 

The tibia was referenced using an intramedullary rod with a 3° posterior slope on the tibial 

block positioned with respect to the tibial anterior prominence, which corresponded to the 

centre of the tibial tuberosity in our knee specimens. A resection of 10 mm of bone was 

made from the least affected, most superior proximal tibial surface. Gap balancing was 

confirmed using spacers to achieve a rectangular space both in full extension and flexion 

after bone resection but before chamfer femoral cuts. Both tibial and femoral components 

were cemented to the bone using polymethyl methacrylate. No soft tissue releases were 

performed and ‘tenting’ of the collateral ligaments was avoided by removing any 

osteophytes. A stable knee was taken as that which allowed for unimpeded tracking of the 

patella and no medial or lateral opening after implant trialling, throughout a passive flexion 

arc from full extension. 

 Testing Protocol 5.2.2

The knee was manually flexed 20 times to minimise soft tissue hysteresis, and then in the 

robot a path of passive flexion from 0° to 90° was performed. The robotic system minimised 

forces and moments in the other five DOF acting across the knee, and recorded the position 

of the knee at 0°, 30°, 60° and 90° of flexion, which were the starting points for the following 

loads to the tibia: ±50 N anterior-posterior (AP) force, ±8 Nm varus-valgus (VV) torque, and 

±5 Nm internal-external (IE) rotational torque. In each test, the robotic system applied the 

force/torque in the primary DOF, maintained the same flexion/extension DOF and minimised 

the loads in the four remaining DOF. These loads were chosen as being comparable to other 
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studies (Petersen et al., 2008; Robinson et al., 2006; Saeki et al., 2001), and each test was 

repeated three times; none of the muscles were tensed. 

Whilst the knee remained attached to the robot, the deep MCL (dMCL), the anterior fibres of 

the superficial MCL (sMCL), the complete sMCL, and the posteromedial capsule (PMC) 

were sequentially released (Table 5.1). The dMCL was transected with a scalpel deep to the 

ligament and just distally to the joint line, whilst also removing any meniscus and connected 

tissues. The anterior fibres of the sMCL (as defined by Whiteside et al (Whiteside, 2002; 

Whiteside et al., 2000)) were released from their distal tibial attachment subperiosteally 

using an osteotome, and the rest of the fibres were completely transected at the joint line as 

the second stage. The PMC fibres attached to the semimembranosus tendon were 

transected posteromedially from the dMCL. After each structure was transected/released 

and the arthrotomy was resutured, the robot reproduced the previous kinematics from the 

initial stage to calculate the force/moment restraint offered by each structure cut using the 

principle of superposition (Rudy et al., 1996).   

Approval for this study (project code R13066) was given by the Imperial College Healthcare 

Tissue Bank under the Human Tissue Authority licence number 12275.  
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Table 5.1 Outline of the experimental protocol and data obtained. 

Knee State Kinematic Test Data Obtained 

Implanted knee ± 50 N AP, ± 8 Nm VV, ± 5 Nm IE Kinematics of implant knee (I) 

Transect dMCL Repeat kinematics I Restraining loads from dMCL 

Release anterior 
fibres of sMCL 

Repeat kinematics I Restraining loads from 
anterior fibres of sMCL 

Transect entire sMCL Repeat kinematics I Restraining loads from sMCL 

Transect PMC Repeat kinematics I Restraining loads from PMC 

Key to content: AP = anterior-posterior force, VV = varus-valgus torque, IE = internal-external torque, dMCL = 

deep medial collateral ligament, sMCL = superficial medial ligament, PMC = posterior medial capsule. 

 Statistical Analysis 5.2.3

Mean peak forces/torques, translations/rotations and soft tissue contributions (the drop in 

force/torque after the transection/release as a percentage of the original force/torque value) 

were calculated using a custom Matlab (Mathworks, Natick, MA) script (Figure 5.1). Output 

data was determined to one decimal place because the system repeatability was 0.03 mm; 

the percentage results are quoted to the nearest whole number. One-way RM-ANOVA was 

performed in SPSS 22 (IBM SPSS Statistics, version 22, Armonk, NY) at each flexion angle 

to compare the force/torque contribution to the medial structure cut. Post hoc t tests with 

Bonferroni correction were performed when differences were found, and the significance 

level was set at p<0.05.  

A power calculation, based on a mean change in translation of 3.5 ± 3 mm and rotation of 

3.7 ± 3.2° in a prior study (Athwal et al., 2016b), determined a sample size of eight would be 

needed to detect a significant change and soft-tissue contributions of 9% with 80% power 

and 95% confidence. Therefore, it was determined that a significant restraint for a given 

flexion angle was defined as having a statistically significant mean resisting contribution 

greater than a threshold value of 10%. 
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Figure 5.1 Hysteresis curves at different flexion angles for one specimen (KA16 with 

constrained condylar implant). The blue lines are the implanted knee kinematics in 

response to a ± 5Nm internal-external torque (in this instance; positive torque = 

external, negative torque = internal). 
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5.3 Results 

The results have been tabulated in full in Appendix 10.2; the main results have been 

explained here. 

 Varus-Valgus Rotation  5.3.1

The sMCL was the primary restraint to 8 Nm valgus moment, resisting 52% on average 

across flexion angles (Figure 5.2). The dMCL was a secondary restraint, with a significant 

contribution of 17 ± 7% at 0° (p=0.002) and 17 ± 12% at 60° (p=0.033). Release of the 

anterior fibres of the sMCL reduced the restraint by 13 ± 8% (n.s.) at 0° to 26 ± 25% (n.s.) at 

90° flexion, however this was not found to be significant. The release was also not found to 

be a significant restraint under varus, AP or IE loads. In response to an 8 Nm varus torque, 

none of the medial structures sectioned had a significant contribution above 10% (Figure 

5.3).  

 Anterior-Posterior Translation  5.3.2

When a 50 N anterior force was applied to the tibia, the only significant restraint was the 

sMCL at 0°, 30° and 60° (p=0.001, 0.014 and 0.022 respectively), which contributed on 

average 32% to resisting the drawer across flexion angles (Figure 5.4). Under a 50 N 

posterior force (Figure 5.5), the sMCL restrained 17 ± 9% at 0° (p=0.020) and the dMCL 14 

± 6% at 60° (p=0.013).  

 Internal-External Rotation  5.3.3

In response to a 5 Nm internal torque, the sMCL was significant at all flexion angles, 

demonstrating an average restraint of 28% (Figure 5.6). The dMCL was 17 ± 9% at 60° 

(p=0.008) and 14 ± 5% at 90° (p=0.004). The sMCL significantly restrained external rotation 

with an average restraint of 29% at all flexion angles (Figure 5.7). The dMCL restrained 19 ± 

13%, 19 ± 11% and 17 ± 8% at 30°, 60° and 90° respectively (p=0.026, 0.011, 0.011).  
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Figure 5.2 Percentage contributions of the deep and superficial medial collateral 

ligaments (dMCL and sMCL), ‘Whiteside’s release’ of the anterior sMCL fibres, and 

posteromedial capsule (PMC) in resisting an 8 Nm VALGUS moment in implanted 

knees, with standard deviation. * indicates a statistically significant contribution 

greater than 10%.  

 

Figure 5.3 Percentage contributions of the deep and superficial medial collateral 

ligaments (dMCL and sMCL), ‘Whiteside’s release’ of the anterior sMCL fibres, and 

posteromedial capsule (PMC) in resisting an 8 Nm VARUS moment in implanted 

knees, with standard deviation.   
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Figure 5.4 Percentage contributions of the deep and superficial medial collateral 

ligaments (dMCL and sMCL), ‘Whiteside’s release’ of the anterior sMCL fibres, and 

posteromedial capsule (PMC) in resisting a 50 N ANTERIOR force in implanted knees, 

with standard deviation. * indicates a statistically significant contribution greater than 

10%.  

 

Figure 5.5 Percentage contributions of the deep and superficial medial collateral 

ligaments (dMCL and sMCL), ‘Whiteside’s release’ of the anterior sMCL fibres, and 

posteromedial capsule (PMC) in resisting a 50 N POSTERIOR force in implanted 

knees, with standard deviation. * indicates a statistically significant contribution 

greater than 10%.  
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Figure 5.6 Percentage contributions of the deep and superficial medial collateral 

ligaments (dMCL and sMCL), ‘Whiteside’s release’ of the anterior sMCL fibres, and 

posteromedial capsule (PMC) in resisting a 5 Nm INTERNAL moment in implanted 

knees, with standard deviation. * indicates a statistically significant contribution 

greater than 10%.  

 

Figure 5.7 Percentage contributions of the deep and superficial medial collateral 

ligaments (dMCL and sMCL), ‘Whiteside’s release’ of the anterior sMCL fibres, and 

posteromedial capsule (PMC) in resisting a 5 Nm EXTERNAL moment in implanted 

knees, with standard deviation. * indicates a statistically significant contribution 

greater than 10%.  
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5.4 Discussion 

The most important finding of the study was that the sMCL was the primary medial 

ligamentous restraint to valgus, internal-external rotations and anterior translation in the CC 

TKA knee. The reliance of the CC TKA on the sMCL indicates that a knee with gross sMCL 

deficiency would be better served with a hinged implant. 

This study found that an average of 52% of restraint to an 8 Nm valgus moment was 

provided by the sMCL. A previous study with PS TKA found the sMCL to be an average 

contributor of 62% to an 8 Nm valgus moment (Athwal et al., 2016b), thus implying that the 

CC TKA would not compensate for a complete loss of the sMCL. The sMCL also restrained 

anterior drawer and internal-external rotation, as in other studies of intact and ACL-deficient 

cadaveric, non-implanted knees (Kanamori et al., 2000; Robinson et al., 2006; Warren et al., 

1974). This suggests that, while the CC TKA can work with a lax sMCL, it would require a 

RH TKA when the MCL is completely deficient. Many prospective studies have satisfactory 

outcomes with CC TKA with MCL incompetency as an indication for CC TKA as a primary or 

revision surgery (Kim and Kim, 2009; Lachiewicz and Soileau, 2006, 2011). Vasso et al. 

(2013) did a prospective study to form a selection algorithm for knee revision, and concluded 

that CC TKA was suitable for collateral ligament insufficiency (but not absence) and hinged 

implants for complete ligament disruption/ absence, which agrees with our findings. This is 

further supported in other review papers (Gustke, 2005; McAuley and Engh, 2003; Sculco, 

2006). 

Although the entire sMCL was found to be the primary restraint to valgus rotation at all 

flexion angles, the release of the anterior fibres alone did not significantly restrain valgus 

rotation. The large variability between the specimens (Figure 5.2) may be explained by the 

use of the same 9mm osteotome, which would have elevated different proportions of the 

total sMCL attachment depending upon the sizes of the knees.       

The loads applied in this study are of similar magnitudes as other in-vitro TKA studies, which 

have yielded similar laxity values (Athwal et al., 2016b; Mueller et al., 2014). Saeki et al. 

(2001) found that under ± 35 Nm AP force and  ±10 Nm and ±1.5 Nm VV and IE torques, 

MCL release significantly increased laxity in cruciate-retaining TKA knees throughout flexion. 

In studies involving cadaveric knees stressed to a ‘maximum’ displacement/ rotation as 

subjectively applied by a surgeon to mimic intraoperative laxity assessment (Ghosh et al., 

2014; Hunt et al., 2015), the laxity values were comparable to those in this study. Therefore 

the loads applied with the robotic system represent a clinical intraoperative assessment of 

ligament balancing.     
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There are limitations with in-vitro studies, which include testing at time-zero. The effect of 

healing of released soft tissues back to their attachment to the bone could not be replicated, 

however the study provided an accurate representation of ligament balancing examinations 

performed peroperatively. The study did not apply axial compression or muscle loading 

which would increase stability of the implanted knees. The applied forces/ torques instead 

simulated clinical joint laxity evaluation when the patient lies supine with relaxed muscles, 

and thus investigating the purely passive contributions of the medial structures. Whereas 

joint evaluation is performed as a subjective measure by the clinician, this in-vitro study 

provides a repeatable controlled study to investigate soft-tissue contributions; however 

caution must be applied when extrapolating the results to smaller or higher loads that may 

be exerted on the tibia.     

5.5 Conclusion 

This work has for the first time fully delineated the relative functions of the medial soft-tissue 

in CC TKA under simulated clinical joint evaluation, and supports the argument for 

preservation of the sMCL even in the semi-constrained TKA. If the MCL is deficient then 

either a RH TKA may be appropriate or medial soft tissue repair with a reconstruction 

(Chapter 6) may be alternatively considered.   
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6 Medial Reconstruction with Total Knee Arthroplasty 

The aim of this study was to determine if a medial soft-tissue reconstruction could restore 

stability to a medially soft-tissue deficient, constrained condylar (CC) rotating platform non-

hinged total knee arthroplasty (TKA) implanted knee.   

Eight cadaveric knees with CC TKA were mounted in a robotic system and tested at 0°, 30°, 

60°, and 90° of flexion with ±50 N anterior-posterior force, ±8 Nm varus-valgus and ±5 Nm 

internal-external torque. After complete transection of the deep and superficial medial 

collateral ligaments (dMCL, sMCL) and posteromedial capsule (PMC), a medial 

reconstruction using a semitendinosus tendon graft was performed. The knees were then re-

loaded at the different flexion angles and the effect upon restoration of kinematic behaviour 

under equivocal conditions was measured. 

There were no significant differences found between the laxities of the reconstructed knee to 

the pre-deficient state for the arc of motion examined. The relative contribution of the 

reconstruction was higher in valgus rotation at 60° than the sMCL, otherwise the relative 

contribution of the reconstruction was similar to that of the sMCL.   

There is contention whether a CC TKA can function with medial deficiency or more 

constraint is required. This work has shown that a CC TKA may not provide enough stability 

with an absent sMCL. However in such cases, combining the CC TKA with a medial soft-

tissue reconstruction may be considered as an alternative to a hinged implant.  

  

The majority of the material in this chapter has been published in Knee Surgery, Sports 

Traumatology, Arthroscopy, and is reproduced in accordance with the licensing policy of 

Springer. 

Athwal K.K., El Daou H., Inderhaug E., Manning W., Davies A.J., Deehan D.J., Amis A.A., 

2016. An in vitro analysis of medial structures and a medial soft tissue reconstruction in a 

constrained condylar total knee arthroplasty.  Knee Surgery, Sports Traumatology, 

Arthroscopy, DOI 10.1007/s00167-016-4087-0. (License number 3916980428417)   
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6.1 Introduction 

Medial collateral ligament (MCL) injury is one of the most common ligamentous knee injuries 

in sports (Bollen, 2000); therefore there are many suggested medial reconstructions (Kim et 

al., 2008; LaPrade and Wijdicks, 2012; Lind et al., 2009; Zhang et al., 2014). This introduces 

the option of performing a medial reconstruction in conjunction with constrained condylar 

total knee arthroplasty (CC TKA) implant in younger patients with medial soft-tissue 

deficiency, instead of revising to a more constrained rotating hinge (RH) design (McAuley 

and Engh, 2003; Morgan et al., 2005; Nelson et al., 2003; Vince et al., 2006).  

The advantage of this would be avoiding the higher fixation stresses and larger loss of bone 

stock inherent with RH TKA, although Morgan et al. (2005) also highlighted the potential 

pitfalls including increased surgical time, difficult flexion/extension balancing of the knee and 

donor site morbidity with autografts. Despite studies reporting mixed results in TKA patients 

with medial reconstructions, MCL advancement to tighten the ligament, or repair to 

iatrogenic injury (Healy et al., 1998; Krackow et al., 1991; Peters et al., 2004; Pritsch et al., 

1984; Shahi et al., 2015), there have been no biomechanical studies assessing the feasibility 

of using a medial soft-tissue reconstruction in a TKA implanted knee to restore kinematics to 

intact medial soft-tissue conditions.  

The aim of this study was to measure for the first time the effect of surgical reconstruction of 

deficient medial structures in an implanted knee to resisting tibial displacing loads. This will 

allow clinicians to determine how well a medial reconstruction functions in conjunction with 

implants. The hypothesis was that the surgical reconstruction of the medial soft tissue 

structures would restore pre- sectioned kinematics. 

6.2 Materials and Methods 

 Specimen Preparation 6.2.1

The specimens used for this study were the eight fresh-frozen human cadavers described in 

5.2.1. The knees were therefore already implanted with a rotating-platform revision TKA 

(P.F.C. Sigma TC3; DePuy Synthes Joint Reconstruction, Leeds, UK), potted into steel pots, 

and the deep and superficial MCL (dMCL and sMCL) and the posteromedial capsule (PMC) 

had already been transected. Prior to testing, surgical technique for medial reconstruction as 

well as protocol planning was conducted on the eight knees with primary TKA implants from 

Chapter 4.   
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 Testing Protocol 6.2.2

After the testing detailed in Chapter 5, the knee was removed from the robot and a medial 

soft tissue reconstruction (Figure 6.1), similar to Lind et al. (2009), was performed. The 

semitendinosus tendon was harvested but kept attached to the pes anserinus insertion. The 

free end of the tendon was sutured with a size 2 Ethibond Excel (Ethicon Inc, Somerville, 

NJ) whipstitched suture. The semimembranosus insertion point was identified on the 

posteromedial aspect of the tibia and an 8 mm tunnel was reamed. The free end of the graft 

was passed into the tunnel and secured with a 9mm metal interference screw. Additionally, 

an 8 mm femoral tunnel was placed just anterior to the most prominent point of the medial 

epicondyle (this point was found to reduce risk of impingement with the remnants of the 

MCL, Figure 6.2). The isometry of this point for the reconstruction was tested during 

extension and flexion, and if the anterior arm of the reconstruction was judged to have 

excessive tension during knee flexion a more posterior tunnel placement was tested. After 

graft passage (Figure 6.3), whilst holding the knee in a neutral tibial rotation and varus 

torque to reduce medial gapping (Wijdicks et al., 2013b) at 45° flexion, the graft was 

tensioned (in pilot testing this was found to be approximately 20N tension applied) and fixed 

to the contralateral cortex with a 20mm Endobutton (Smith & Nephew Inc, Memphis, TN) 

(Figure 6.4). At the medial femoral aperture, the graft was secured with an additional 9mm 

metal interference screw. 

The reconstructed knee was manually flexed a few times to minimise hysteresis in the graft, 

and then clamped in a vice at 0° and 90° flexion. A spring balance applied a lateral force 

perpendicular to the tibial shaft axis to generate an 8 Nm valgus torque at the joint level. The 

resulting change in medial gap opening was converted into a valgus rotation, and compared 

with the average rotation ± standard deviations of a previous study (Athwal et al., 2016b) to 

ensure the amount of laxity was within the range of laxity with the native ligament.        
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Figure 6.1 A graphic representation of the medial reconstruction in coronal (left) and 

posteromedial (right) views and in a cadaveric specimen (right). 

 

 

Figure 6.2 The guide wire demonstrates the position of the femoral tunnel, which was 

drilled from just anterior to the medial epicondyle to the proximal lateral cortex (KA12, 

right knee). 
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Figure 6.3 The semitendinosus graft, which was fixed to the tibia at the pes anserinus 

attachment and the semimembranosus insertion point, was pulled through the 

femoral tunnel with a passing suture (KA12). 

 

 

Figure 6.4 The graft was secured at the lateral femoral cortex with an Endobutton 

(Smith & Nephew Inc, Memphis, TN). At the medial aperture (not shown here) the graft 

was further secured with an interference screw (KA12). 
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The reconstructed knee was then mounted onto the robot, and then in the robot a path of 

passive flexion from 0° to 90° was performed to recorded the position of the knee at 0°, 30°, 

60° and 90° of flexion, which were the starting points for the following loads to the tibia: 

±50N anterior-posterior (AP) force, ±8Nm varus-valgus (VV) torque, and ±5Nm internal-

external (IE) rotational torque. The reconstruction was released from its femoral tunnel and 

the kinematics were reproduced to calculate the force/moment restraint offered by the 

reconstruction. 

Approval for this study (project code R13066) was given by the Imperial College Healthcare 

Tissue Bank under the Human Tissue Authority licence number 12275.  

 Statistical Analysis 6.2.3

The following statistical analysis was performed in SPSS 22 (IBM SPSS Statistics, version 

22, Armonk, NY): 

1. Two-way repeated-measures analysis of variance (RM-ANOVA) was performed to 

compare laxities to the knee state (intact and reconstructed knee) across different 

flexion angles. 

2. One-way RM-ANOVA was performed at each flexion angle to compare between the 

force/torque contribution of the reconstruction and the native sMCL, and between the 

reconstruction and the total native medial complex (dMCL, sMCL and PMC).  

For all analyses, post hoc t tests with Bonferroni correction were performed when differences 

were found, and the significance level was set at p<0.05.  

6.3 Results 

The results have been tabulated in full in Appendix 10.3; the main results have been 

explained here. 

 Valgus Rotation  6.3.1

There was no significant two-way interaction between flexion angle and intact/reconstructed 

state (p=0.817, Figure 6.5). The reconstruction was significantly lower than the combined 

medial contribution at 0°; however at 60° the reconstruction resisted 76 ± 9%, which was 

significantly higher than the individual sMCL contribution of 55 ± 14% (Figure 6.6).   

 Varus Rotation 6.3.2

In response to an 8Nm varus torque, there was no significant two-way interaction between 

flexion angle and intact/reconstructed state (p=0.368, Figure 6.5).    
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 Anterior Translation  6.3.3

No significant difference was found in the two-way interaction between flexion angle and 

intact/reconstructed state (p=0.407, Figure 6.7), however paired t-tests at 90° found the 

reconstructed translation larger than the intact state (p=0.037). The contribution of the 

reconstruction ranged from 17 ± 19% at 0° to 41 ± 24% at 60°. This restraint was found to be 

significantly smaller than the combined medial contributions of the dMCL, sMCL and PMC at 

0°, 30° and 60° (p values in Figure 6.8) but no significant difference was found between the 

reconstruction and the sMCL restraint alone.  

 Posterior Translation 6.3.4

There was no significant two-way interaction between flexion angle and intact/reconstructed 

state (p=0.655, Figure 6.7), and the reconstruction was not found to be significantly different 

from either the sMCL or combined medial contribution (Figure 6.8).    

 Internal Rotation  6.3.5

In response to a 5Nm internal torque, there was also no significant two-way interaction 

between flexion angle and intact/reconstructed state (p=0.255, Figure 6.9). At 0° the 

reconstruction restrained 26 ± 17%, which was lower than the combined medial contribution, 

however at all other angles no significant difference was found between the reconstruction 

and the sMCL or combined restraints (Figure 6.10).  

 External Rotation 6.3.6

The reconstruction restrained 13 ± 11% at 0° and 28 ± 11% at 30°, both of which were 

significantly lower than the combined medial contribution but not of the sMCL alone (Figure 

6.10). No significant two-way interaction between flexion angle and intact/reconstructed state 

was found (p=0.298, Figure 6.9).    
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Figure 6.5 Comparison of VARUS-VALGUS rotation of a) implanted knees with intact 

medial complex, and b) the same knees with medial complex transected and a medial 

reconstruction, in response to a ± 8Nm varus-valgus moment. Error bars denote the 

standard deviation at each flexion angle.  

 

 

Figure 6.6 Percentage contributions of the sMCL, medial reconstruction and the entire 

medial complex (dMCL, sMCL and PMC) in resisting an 8Nm VALGUS moment in 

implanted knees, with standard deviation. P-values are given when significant 

differences were found. 
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Figure 6.7 Comparison of ANTERIOR-POSTERIOR translation of a) implanted knees 

with intact medial complex, and b) the same knees with medial complex transected 

and a medial reconstruction, in response to a ± 50N anterior-posterior force. Error 

bars denote the standard deviation at each flexion angle.  

 

 

Figure 6.8 Percentage contributions of the sMCL, medial reconstruction and the entire 

medial complex (dMCL, sMCL and PMC) in resisting ± 50N ANTERIOR-POSTERIOR 

force in implanted knees, with standard deviation. P-values are given when significant 

differences were found. 
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Figure 6.9 Comparison of INTERNAL-EXTERNAL rotation of a) implanted knees with 

intact medial complex, and b) the same knees with medial complex transected and a 

medial reconstruction, in response to a ± 5Nm internal-external moment. Error bars 

denote the standard deviation at each flexion angle. 

 

 

Figure 6.10 Percentage contributions of the sMCL, medial reconstruction and the 

entire medial complex (dMCL, sMCL and PMC) in resisting ± 5Nm INTERNAL-

EXTERNAL moment in implanted knees, with standard deviation. P-values are given 

when significant differences were found. 



MEDIAL RECONSTRUCTION IN TKA 

79 
 

6.4 Discussion 

The most important finding of the study was that a medial reconstruction used 

simultaneously with a CC TKA restored laxity to pre-sectioning values. The relative 

contribution of the reconstruction was not found to be significantly larger than the sMCL in 

most cases, thus it would not be overloaded even with extensive medial deficiency. 

The previous study (Chapter 5) delineated the function of the medial soft tissues in the semi 

constrained TKA setting under simulated clinical joint evaluation, and indicated that a knee 

with gross sMCL deficiency would be better served with a hinged implant. This study has 

found that, when combined with a medial soft tissue reconstruction, it could be a viable 

alternative to a hinged implant which requires more bone resection and potentially higher 

bone-implant interface stresses (McAuley and Engh, 2003).  

Several medial soft tissue reconstructions have been described. LaPrade and Wijdicks 

(2012) used two separate grafts for the sMCL and the posterior oblique ligament (POL), with 

the sMCL graft sutured to the anterior arm of the semimembranosus to recreate a proximal 

tibial attachment. In a cadaveric study the reconstructed knee was not significantly different 

to the intact knee in external rotation and posterior drawer, although there was a small but 

significant increase in anterior drawer at 60° and 90° and in valgus rotation at 0° (Coobs et 

al., 2010). Lind et al. (2009) described a technique similar to this study in retaining the 

semitendinosus attachment at the pes anserinus with medial epicondyle and 

semimembranosus insertion tunnels, with encouraging 24 months patient follow-up results. 

Wijdicks et al. (2013b) performed a cadaveric robotic study with a sMCL (but not PMC/POL) 

repair/reconstruction and found that it reduced knee laxity compared to the sMCL sectioned 

state, and restored intact valgus and internal rotations at 60-90° flexion.  

In this study the reconstruction was tightened at mid-flexion, but it was difficult to get the 

right balance in flexion/ extension. Additionally, the anterior laxity of the reconstructed knee 

was found to be larger than the intact state at 90° flexion. This suggests that in those 

implanted knees the anterior arm of the reconstruction was not well aligned to provide 

anterior restraint, despite providing adequate rotational restraint. In reality, the reconstruction 

described would not be used with such gross medial deficiency as observed in this study 

(Figure 6.1 clearly shows how little of the medial capsule remained after the transections of 

the medial collateral ligaments and posteromedial structures). Therefore the results 

demonstrated here in a worse-case scenario can be taken as an encouraging sign for 

clinicians to explore the use of reconstructions with implants in less severe deficiency cases.    

There is a current trend towards ‘anatomic reconstructions’ to restore normal knee 

biomechanics, which may need to be reconsidered in the case of TKA patients with varying 



MEDIAL RECONSTRUCTION IN TKA 

80 
 

implant shapes and constraints which may alter kinematics. For example, Ghosh et al. 

(2012) found that length changes of the collateral ligaments changed significantly between 

native and post-TKA states, which suggests that reconstructions that have been optimised in 

tension for native knees may perform differently in TKA knees.    

A noted limitation of the in-vitro study is that testing at time-zero conditions cannot take into 

account any biological repair at the drilled tunnels, which would aid the reconstruction 

fixation, or how repeated loading of the reconstruction over time may cause graft relaxation 

and loosening at the bony interface. Instead, this study provides a repeatable controlled 

study to simulate clinical joint laxity evaluation during surgery.  

This was the first biomechanical study into soft tissue reconstructions with implants, and 

found that under controlled cadaveric conditions, the new method could restore laxity to the 

same as when the ligaments were intact. More research to optimise tunnel placement and 

surgical technique will allow the reconstruction to provide the best stability throughout 

flexion. Prospective clinical studies should be devised to evaluate the approach, which may 

allow more patients to avoid the bone resection required for a hinged prosthesis.  
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7 Lateral Soft-tissue Release in Primary Total Knee 

Arthroplasty 

Little information is available to surgeons regarding how the lateral structures prevent 

instability in the replaced knee. The aim of this study was to quantify the lateral soft-tissue 

contributions to stability following cruciate-retaining total knee arthroplasty (CR TKA). Nine 

cadaveric knees were tested in a robotic system at full extension, 30°, 60°, and 90° flexion 

angles. In both native and CR implanted states, ±90 N anterior-posterior force, ±8 Nm varus-

valgus and ±5 Nm internal-external torque were applied. The anterolateral structures (ALS, 

including the iliotibial band), the lateral collateral ligament (LCL), the popliteus tendon 

complex (Pop T) and the posterior cruciate ligament (PCL) were transected and their relative 

contributions to stabilising the applied loads were quantified.  

The LCL was found to be the primary restraint to varus laxity (an average 56% across all 

flexion angles), and was significant in internal-external rotational stability (28% and 26% 

respectively) and anterior drawer (16%). The ALS restrained 25% of internal rotation, whilst 

the PCL was significant in posterior drawer only at 60° and 90° flexion. The Pop T was not 

found to be significant in any tests.  

Therefore the LCL was confirmed as the major lateral structure in CR TKA stability 

throughout the arc of flexion, and deficiency could present a complex rotational laxity that 

cannot be overcome by the other passive lateral structures or the PCL.   

  

The majority of the material in this chapter has been published in Journal of Orthopaedic 

Research, and is reproduced in accordance with the licensing policy of John Wiley and 

Sons.  

Athwal K.K., El Daou H., Lord B., Davies A.J., Manning W., Rodriguez y Baena F., Deehan 

D.J., Amis A.A., 2016. Lateral soft-tissue structures contribute to cruciate-retaining total knee 

arthroplasty stability. Journal of Orthopaedic Research, DOI 10.1002/jor.23477. (License 

number 4005300647877) 
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7.1 Introduction 

Instability in total knee arthroplasty (TKA), which is a result of soft tissue deficiency or 

inadequate balancing during surgery (Lombardi Jr et al., 2014; Mulhall et al., 2006; Sharkey 

et al., 2002), has been identified as the leading cause of early failure (Schroer et al., 2013). 

Therefore it is important to understand how ligaments and other passive structures stabilise 

the implanted knee to help surgeons provide a more informed peri-operative assessment. 

There have been many studies investigating the contributions in the native knee of 

anterolateral structures such as the iliotibial band (ITB), and posterolateral structures such 

as the lateral collateral ligament (LCL) and popliteus complex (Bonanzinga et al., 2015; 

Hoher et al., 1998; Kittl et al., 2016; Lim et al., 2012; Thaunat et al., 2014; Veltri et al., 1995; 

Zantop et al., 2007); however their contributions in the presence of TKA is less well 

understood (Athwal et al., 2014).  

On the anterolateral aspect of the knee, the ITB attaches to the tibia at Gerdy’s tubercle and 

proximally splits into superficial and deep layers of the fascia lata (Fairclough et al., 2006). 

Lying deep to the ITB are various capsular and extra-capsular structures, although there is 

contention regarding their anatomical description, particularly the anterolateral ligament 

(ALL) (Claes et al., 2013; Dodds et al., 2014; Vincent et al., 2012).  

Among the posterolateral structures of the knee are the LCL and the popliteus complex. The 

LCL attaches on the femur just proximal and posterior to the lateral epicondyle and attaches 

to the lateral aspect of the fibular head close to its anterior margin (LaPrade et al., 2003). 

The popliteus muscle originates from the posteromedial tibia, runs deep and obliquely to the 

LCL, and the tendon attaches to the femur distal to the lateral epicondyle (LaPrade et al., 

2003; Takeda et al., 2015).    

Lateral structures are commonly released to correct the alignment in valgus knees at time of 

TKA surgery, although there is no agreed standard procedure (Whiteside, 1999). In a knee 

that is tight laterally in flexion, Whiteside advocated releasing the popliteus tendon (Pop T) 

followed by the LCL, and in a knee tight in extension releasing the ITB and lateral posterior 

capsule (Whiteside, 2002). The findings from a cadaveric study by (Krackow and Mihalko, 

1999) support the release of the LCL first to provide a more uniform joint gap space, 

followed by the Pop T and ITB if required in severe deformities. By investigating the relative 

contributions of the different lateral structures to translational and rotational stability, complex 

laxity in different planes of motion caused either by intentional release or iatrogenic injury 

may be avoided (Ghosh et al., 2015).  

The objective of this study was to determine how different soft-tissue structures affect the 

stability in cruciate retaining (CR) TKA. Based on previous studies with native knees, the 
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hypotheses were that the LCL would be an important restraint in varus and internal-external 

rotation, the anterolateral structures (ALS) including the ITB, ALL and capsule would restrain 

internal rotation, the Pop T external rotation and the PCL posterior displacement and valgus 

rotation (Gollehon et al., 1987; Grood et al., 1981; Grood et al., 1988; Kittl et al., 2016; 

LaPrade et al., 2010). The null hypothesis therefore was that there would be no significant 

difference in relative contributions of each structure to resisting tibiofemoral laxity. 

7.2 Materials and Methods 

 Specimen Preparation 7.2.1

Nine fresh-frozen human cadaver knee specimens (seven male and two female) of mean 

age 64 (range 47–88) were obtained from a tissue bank (five right-sided and four left-sided). 

The preparation of the intact knee specimens, specification of the robotic system and 

securing the knee to the robot have been described at length in Chapter 3. After bone 

potting, the medial arthrotomy used to align the tibia with the tibial pot was closed with a 

size 2 Ethibond Excel suture (Ethicon Inc., Somerville, NJ). 

 Native Knee Kinematics 7.2.2

The knee was manually flexed 20 times to minimise soft tissue hysteresis, and then tested in 

a robotic testing system previously described (Athwal et al., 2016b). With the knee in the 

robot, a path of passive flexion from full extension to 90° was performed whilst the robotic 

system minimised forces and moments in the other five degrees of freedom (DOF) acting 

across the knee. This recorded the position of the knee at full extension, 30°, 60° and 90° of 

flexion, which were the starting points for the following loads to the tibia: ±90 N anterior-

posterior (AP) force, ±8 Nm varus-valgus (VV) torque, and ±5 Nm internal-external (IE) 

rotational torque. In each test, the robotic system applied the force/torque in the primary 

DOF, maintained the same flexion/extension DOF and minimised the loads in the four 

remaining DOF. These loads were chosen as being comparable to other studies of 

intraoperative laxity measurement  with the AP force being equivalent to that applied by a KT 

1000TM arthrometer (MEDmetric, CA, USA) (Daniel et al., 1985; Gollehon et al., 1987; 

LaPrade et al., 2010; Petersen et al., 2008; Saeki et al., 2001). Each test was repeated three 

times. 

 Implanted Knee Kinematics 7.2.3

Following native knee data collection, the knee was removed from the robot and a CR TKA 

(PFC Sigma; DePuy Synthes Joint Reconstruction, Leeds, UK) was implanted by a 
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consultant orthopaedic surgeon, using a standard combination of measured resection and 

gap balancing performed in full extension and 90° of flexion. The femur was prepared using 

an intramedullary rod set at 5° of valgus, and a 9mm resection measured from the least 

affected condylar side was made to the distal femur with neutral rotation referenced to the 

epicondylar axis. The femur was sized using an anterior down technique. The tibia was 

referenced using an intramedullary rod positioned with respect to the tibial anterior 

prominence, which corresponded to the centre of the tibial tuberosity in the specimens. A 10 

mm resection with 3° posterior slope was then made from the least affected, most superior 

proximal tibial surface using a cutting guide. Gap balancing with spacers was used to 

confirm a rectangular space both in full extension and flexion after bone resection (but 

before chamfer femoral cuts). Both tibial and femoral components were cemented to the 

bone using polymethyl-methacrylate. Osteophytes were removed to avoid ‘tenting’ of the 

ligaments, but no soft tissue releases were performed. A stable knee was defined as 

unimpeded tracking of the patella and no medial or lateral opening after implant trialling, 

throughout a passive flexion arc from full extension. 

The knee joint with the TKA was then fixed back on the robot, and ±90 N AP, ±8 Nm VV, and 

±5 Nm IE were applied at full extension, 30°, 60° and 90° of flexion.  

 Lateral Soft-Tissue Contribution 7.2.4

With the implanted knee remaining attached to the robot, the lateral structures of the knee 

were sequentially transected. The release of the ALS was performed whilst the knee was in 

full extension. The lateral margin of the patellar tendon was identified and an incision was 

made through the capsule at the level of Gerdy’s tubercle to the anterior border of the LCL 

(encompassing the structures of the anterior and middle third lateral compartment as 

described by Hughston et al) (Hughston et al., 1976). The structures including the ITB, ALL 

and capsule were then reflected off from their attachment on the proximal tibia as a single 

release.  

The LCL and Pop T were transected separately at joint line level whilst the knee was at 90° 

flexion. Finally, at 90° flexion, the PCL was resected from its femoral attachment along the 

anterior part of the intercondylar notch to the lateral surface of the medial condyle. After 

each transection stage, the arthrotomy was resutured and the kinematics obtained at the 

implanted stage were reproduced (Table 7.1). Therefore using the principle of superposition, 

the decrease in force/moment at each stage was calculated as the restraint provided by the 

transected structure (Rudy et al., 1996).   

Approval for this study (project code R13066) was given by the Imperial College Healthcare 

Tissue Bank under the Human Tissue Authority license number 12275. 
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Table 7.1 Outline of the experimental protocol and data obtained. 

Knee State Kinematic Test Data Obtained 

Native knee ± 90 N AP, ± 8 Nm VV, ± 5 Nm IE Native knee kinematics (I) 

Implant CR TKA ± 90 N AP, ± 8 Nm VV, ± 5 Nm IE TKA knee kinematics (II) 

Transect anterolateral 
structures (ALS) 

Repeat kinematics II Restraining loads from ALS 

Transect lateral 
collateral ligament 
(LCL) 

Repeat kinematics II Restraining loads from LCL 

Transect popliteus 
tendon (Pop T) 

Repeat kinematics II Restraining loads from Pop T 

Transect posterior 
cruciate ligament 
(PCL) 

Repeat kinematics II Restraining loads from PCL 

Key to content: AP = anterior-posterior force, VV = varus-valgus torque, IE = internal-external torque, CR TKA = 

cruciate-retaining total knee arthroplasty. The anterolateral structures include the iliotibial band, anterolateral 

ligament and capsule.  
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Figure 7.1 Hysteresis curves at different flexion angles for one specimen (KA25 with 

cruciate-retaining implant). The blue lines are the knee kinematics in response to a ± 

90N anterior-posterior force (positive force = anterior, negative = posterior).  
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 Statistical Analysis 7.2.5

A custom Matlab (Mathworks, Natick, MA) script was used to calculate mean peak 

forces/torques, translations/rotations and soft tissue contributions (defined as the drop in 

force/torque after the transection/release as a percentage of the original force/torque value, 

Figure 7.1) from the three repeats. A power calculation, based on a mean difference in AP 

translation of 3.5 ± 3mm and VV rotation of 3.7 ± 3.2° in a prior study, determined a 

minimum sample size of 8 would be needed to detect a significant change in laxity between 

the native and implanted state with 80% power and 95% confidence (Athwal et al., 2016b). 

The following statistical analysis was performed in SPSS 22 (IBM SPSS Statistics, version 

22, Armonk, NY): 

1. Two-way repeated-measures analysis of variance (RM-ANOVA) was performed to 

compare laxities to the knee state (native and implanted knee) across different 

flexion angles. 

2. One-way RM-ANOVA was performed at each flexion angle to compare the 

force/torque contribution to the lateral structure cut.  

For the force/torque contribution analyses, post hoc paired t-tests with Bonferroni correction 

at individual flexion angles were applied when differences between successive cuts were 

found. The p-values reported have been adjusted in SPSS by multiplying by the appropriate 

Bonferroni correction factor, and thus the significance level was set at p<0.05. A second 

power analysis (based on the same previous study) determined that, given the number of 

specimens and expected standard deviations, soft-tissue contributions of 9% could be 

detected with 80% power and 95% confidence (Athwal et al., 2016b). Therefore it was 

decided that for a restraint at a given flexion angle to be deemed significant, it must have a 

mean resisting contribution greater than a threshold value of 10% with p < 0.05.  

7.3 Results 

 Anterior-posterior translation  7.3.1

Under an applied ± 90 N AP force, no significant difference was found between the native 

and implanted knee states (Figure 7.3). The only significant restraint to anterior tibial drawer 

was the LCL (Figure 7.4), which contributed 14 ± 10% at 30° (p = 0.024), 15 ± 12% at 60° (p 

= 0.016) and 22 ± 13% at 90° (p = 0.004). 

The main soft-tissue restraint to posterior drawer at 60° and 90° was the PCL, which 

restrained 36 ± 34% (p = 0.049) and 50 ± 40% (p = 0.022) respectively (Figure 7.5). At full 
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extension the LCL contributed 11 ± 9% (p = 0.034) but was not found to be significant at any 

other flexion angle.     

 Internal-external rotation  7.3.2

Under an applied 5 Nm internal torque, the implanted knee state was found to be more 

restrained in rotation than the native knee (p = 0.012, < 0.001, 0.003 and 0.015 at full 

extension, 30°, 60° and 90° respectively, Figure 7.6). Both the ALS and the LCL’s 

contributions were found to be significant at all flexion angles (Figure 7.7). The ALS 

contributed 25% on average across all flexion angles (p < 0.05), and the LCL was found to 

restrain 28% (p < 0.05).  

In response to 5 Nm external torque, the implanted knee state was found to be more 

restrained in rotation than the native knee (p < 0.001 at all flexion angles, Figure 7.6). The 

LCL restrained 27 ± 17% (p = 0.007), 32 ± 21% (p = 0.007) and 25 ± 20% (p = 0.018) at full 

extension, 30° and 60° respectively (Figure 7.8). None of the other structures demonstrated 

a significant contribution over 10%. 

 Varus-valgus laxity  7.3.3

Under an applied 8 Nm varus torque, the implanted knee state was found to be more 

restrained in rotation than the native knee at all flexion angles (p = 0.045, 0.002, 0.001 and 

0.002 at full extension, 30°, 60° and 90° respectively, Figure 7.9). The LCL was the primary 

varus restraint at all flexion angles tested (Figure 7.10). The average contribution was 56%, 

ranging from 47 ± 24% at full extension to 63 ± 12% at 30°. The ALS, popliteus tendon 

complex or the PCL were not found to be significant.   

When an 8 Nm valgus torque was applied, the implanted state was more restrained than the 

native knee at full extension (p = 0.003) and 90° (p < 0.001, Figure 7.9). None of the 

structures sectioned had a valgus contribution greater than 10% that was found to be 

statistically significant (Figure 7.11).  
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Figure 7.2 Illustration demonstrating the lateral structures with cruciate-retaining total 

knee arthroplasty (posterolateral view of a right knee). 

 

 

Figure 7.3 ANTERIOR-POSTERIOR translation in response to a ± 90N anterior-

posterior force, with standard deviation. 
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Figure 7.4 Percentage contributions of the anterolateral structures (ALS), lateral 

collateral ligament (LCL), popliteus tendon (Pop T) and posterior cruciate ligament 

(PCL) in resisting 90N ANTERIOR force in implanted knees, with standard deviation. * 

indicates a statistically significant contribution greater than 10% (p < 0.05). 

 

 

Figure 7.5 Percentage contributions of the anterolateral structures (ALS), lateral 

collateral ligament (LCL), popliteus tendon (Pop T) and posterior cruciate ligament 

(PCL) in resisting 90N POSTERIOR force in implanted knees, with standard deviation. 

* indicates a statistically significant contribution greater than 10% (p < 0.05). 
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Figure 7.6 INTERNAL-EXTERNAL rotation in response to a ± 5Nm internal-external 

moment, with standard deviation. * indicates the flexion angle at which the native 

knee was significantly larger than the implanted knee. 

 

 

Figure 7.7 Percentage contributions of the anterolateral structures (ALS), lateral 

collateral ligament (LCL), popliteus tendon (Pop T) and posterior cruciate ligament 

(PCL) in resisting 5Nm INTERNAL moment in implanted knees, with standard 

deviation. * indicates a statistically significant contribution greater than 10%.  
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Figure 7.8 Percentage contributions of the anterolateral structures (ALS), lateral 

collateral ligament (LCL), popliteus tendon (Pop T) and posterior cruciate ligament 

(PCL) in resisting 5Nm EXTERNAL moment in implanted knees, with standard 

deviation. * indicates a statistically significant contribution greater than 10%. 

 

 

Figure 7.9 VARUS-VALGUS laxity in response to a ± 8Nm varus-valgus moment, with 

standard deviation. * indicates the flexion angle at which the native knee was 

significantly larger than the implanted knee. 
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Figure 7.10 Percentage contributions of the anterolateral structures (ALS), lateral 

collateral ligament (LCL), popliteus tendon (Pop T) and posterior cruciate ligament 

(PCL) in resisting 8Nm VARUS moment in implanted knees, with standard deviation. * 

indicates a statistically significant contribution greater than 10%. 

 

 

Figure 7.11 Percentage contributions of the anterolateral structures (ALS), lateral 

collateral ligament (LCL), popliteus tendon (Pop T) and posterior cruciate ligament 

(PCL) in resisting 8Nm VALGUS moment in implanted knees, with standard deviation. 

* indicates a statistically significant contribution greater than 10%. 
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7.4 Discussion 

The most important finding of the study was that in the presence of CR TKA, the LCL was a 

primary restraint to varus laxity and had a prominent role in internal-external rotational 

stability. Another major finding was that the anterolateral structures including the ITB, ALL 

and anterolateral capsule provided an important restraint to internal rotation. Both these 

findings support our hypotheses based upon prior studies on the native knee (Gollehon et 

al., 1987; Grood et al., 1981; Kittl et al., 2016). Therefore in the event of injury to the LCL 

and anterolateral structures, the results suggest that a either a more constrained implant or 

soft-tissue reconstruction would be required to restore stability to the knee. Care should also 

be taken when releasing the LCL in a valgus knee, as it may result in combined rotational 

instability that may not be overcome by the other passive lateral structures and the PCL.         

The LCL has long been associated with restraining varus and IE rotation, which was in 

agreement with the results in this study. An interesting finding was that in the presence of 

the CR TKA, the LCL contributed to varus and IE rotation throughout all flexion angles 

tested, in agreement with Kanamiya et al. (2002). It is known that in a native knee, the LCL 

slackens beyond 30° flexion and becomes less aligned to resist rotation (Lim et al., 2012; 

Sugita and Amis, 2001), therefore implying that the reliance of the LCL as a rotatory restraint 

in deeper flexion is increased in TKA compared with the native knee. The LCL was also 

found to contribute approximately 16% to resisting tibial anterior translation across flexion 

angles, a larger role than that previously found in native knees (Butler et al., 1980; Gollehon 

et al., 1987; Wroble et al., 1993). This finding, along with a prior study into medial 

contribution in TKA (Athwal et al., 2016b), suggests that in the absence of the anterior 

cruciate ligament the collaterals must provide a larger anterior restraint in implants with low 

conforming articular surfaces. 

In this study, the lateral soft-tissue anterior to the LCL (ALS) was investigated as an entire 

resection stage and was found to be an internal restraint at all flexion angles. This was in 

agreement with Wroble et al. (1993) using a similar single-stage cut in native knees, 

although they also found significance in anterior translation uncorroborated in this TKA 

study. In a study separating the structures, Kittl et al. (2016) found the ITB to be a significant 

restraint in internal rotation in ACL-deficient native knees with less significance prescribed to 

the ALL and anterolateral capsule. Other investigations which did not investigate the ITB 

found the ALL to be an important internal restraint in native knees (Parsons et al., 2015; 

Rasmussen et al., 2016).  

The Pop T was not found to be a significant restraint, which was not hypothesised. In the 

native knee, the popliteus complex has been found to be a restraint to external tibial rotation 
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as well as secondary restraint to varus rotation (LaPrade et al., 2010; Pasque et al., 2003; 

Wroble et al., 1993). A possible reason could be that the geometry of the implant causes the 

oblique Pop T to be less well-aligned to restrain tibial external rotation than in the native 

knee: for example it has previously been shown that native knee femoral rollback is not 

replicated in implanted knees (Li et al., 2001; Most et al., 2003b; Walker et al., 2009). This 

result suggests that if released to correct a valgus deformity as previously suggested 

(Whiteside, 2002), there would be no adverse instability in the other planes of motion. In 

implanted knees, Ghosh et al. found that sectioning the Pop T resulted in significant increase 

in IE and VV rotation only in deep flexion angles beyond 90°, which was not investigated 

here Ghosh et al. (2015). Kesman et al. (2011) found in a blinded in-vivo trial that Pop T 

resection did not subjectively alter intraoperative TKA stability.  

The PCL was not found to restrain valgus rotation as hypothesised, and was only found to 

be a significant restraint to posterior translation until 60-90° in flexion. Comparatively, in 

native knees the PCL is the primary restraint throughout entire flexion, and a secondary 

valgus restraint after the superficial medial collateral ligament (Gollehon et al., 1987; Grood 

et al., 1981; Grood et al., 1988). In a previous study of medial soft-tissue contributions in 

primary TKA (Athwal et al., 2016b), the sMCL was a significant posterior restraint at low 

flexion angles, which was not found in native knee studies (Haimes et al., 1994; Robinson et 

al., 2006). This suggests that the sMCL may be a more important restraint than the PCL at 

low flexion angles in CR-TKA, and thus why the knees in this study did not meet the 

hypothesis stated, which was based on studies with native, non-injured PCL knees 

(Gollehon et al., 1987; Grood et al., 1981; Grood et al., 1988). A study showing that between 

45-69% of the tibial PCL attachments were found to have been resected during standard 

CR-TKA tibial cuts (Matziolis et al., 2012), which may reduce the amount of load that the 

PCL can carry and therefore its usefulness in a clinical setting (Van Opstal et al., 2016), 

although in this study there was no visible damage to the PCL. It is clear however that if the 

PCL is completely ruptured there would be instability in posterior drawer especially at higher 

flexion angles, and a posterior-stabilised (PS) TKA with a post-cam mechanism would be 

needed to restore stability.  

There was a difference in rotational stability observed between the native state and CR 

implanted knee. Decreased IE and VV laxity in TKA knees compared with the native knee 

was found in other previous cadaveric studies, which also included loaded hamstrings and 

quadriceps (Ghosh et al., 2016; Hunt et al., 2015). No release of tight soft-tissues during 

implantation was performed, to ensure the subsequent transection stages were possible. 

Releases were not required due to the absence of articular erosion, and all knees 

demonstrated equal gap balancing in extension and flexion during implantation.  
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Among the limitations of cadaveric testing is that only time-zero effects can be investigated, 

and so healing of soft tissues back to bony attachments was not investigated. There was no 

axial joint compression which would increase the stability of the implanted knees. There was 

also no muscle tension simulation, which could potentially overestimate the contribution of 

the LCL relative to the other structures such as the ITB (Yamamoto et al., 2006) and the 

active restraint provided by the popliteus muscle. However, both the Pop T and ITB have 

been found to provide static stability similar to a ligament (Kittl et al., 2016; LaPrade et al., 

2010), and thus the study has simulated clinical evaluation of joint laxity when the patient lies 

supine with relaxed muscles and investigated the purely passive contributions of the lateral 

structures. Strengths of this study include the repeated-measures design of the protocol, 

which minimised any inter-specimen variability effects, and the ability of the robot testing 

system to apply repeatable loads and accurately measure resulting knee kinematics and 

forces/torques. 

This study has investigated the relative contributions of lateral structures in CR TKA, and 

future research is required on how this varies in different implant designs. For example, a 

recent study found that the medial collateral ligament provides a larger valgus restraint in 

posterior stabilised TKA than CR TKA (Athwal et al., 2016b), and this may have similar 

implications with the LCL. Hoher et al. (1998) found higher popliteus complex in-situ forces 

in PCL-deficient native knees than intact knees during posterior drawer, which may manifest 

as a larger popliteus contribution in PCL-sacrificing TKA than found in the CR TKA in this 

study. Ghosh et al. (2016) investigated increasing implant constraint in the face of 

posterolateral deficiency, and extending this to investigating anterolateral deficiency could be 

the focus of further work. Alternatively to increasing implant constraint, would be examining 

the effect of ligamentotaxis in future cadaveric studies (McPherson and Portugal, 2007): 

retensioning capsular structures in an LCL-deficient knee by increasing the tibial insert 

thickness may restore enough stability to avoid a revision implant or ligament reconstruction. 
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7.5 Conclusion 

This biomechanical study has delineated the relative contributions of lateral structures to 

stability in CR TKA, and has found that the LCL is an important restraint in varus and 

internal-external rotational stability. Therefore it is argued that releasing the LCL to correct a 

valgus deformity may introduce a complex laxity pattern that may only be stabilised by 

implanting a more constrained implant or reconstructing the ligament. Releasing the ITB and 

the ALS may introduce internal rotational laxity, however if the LCL is intact this may still be 

a viable option. Release of the Pop T is unlikely to cause rotational laxity and thus would be 

safe to perform. Complete release of the PCL may require a PS TKA to restabilise in 

posterior drawer at higher flexion angles.       
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8 Discussion 

8.1 Research findings 

The most important finding of this PhD is that the collateral ligaments are the primary soft-

tissue restraints in the implanted knee. In the primary, cruciate-retaining or posterior-

stabilised total knee arthroplasty (CR or PS TKA), the superficial medial collateral ligament 

(sMCL) is the main medial restraint to valgus rotation, as well as an important restraint in 

internal-external rotation and anterior translation. Even in the more constrained condylar 

(CC) TKA, the sMCL is important for stability in valgus, internal-external rotations and 

anterior translation. On the lateral side of the knee, the lateral collateral ligament (LCL) is a 

prominent restraint to varus and internal-external rotations in CR TKA. Therefore in the case 

of collateral ligament deficiency, either a more constrained knee such as a hinged implant 

would be required to provide enough stability to compensate, or performing a soft-tissue 

reconstruction in conjunction with a less constrained implant. 

This body of work has utilised a robotic testing system to delineate the different contributions 

of intra- and extra-capsular soft tissues of the knee, in three different implants (CR, PS and 

CC TKA). It has also investigated the efficacy of combining a soft-tissue reconstruction to 

restore stability to a medially deficient CC TKA as an alternative to a larger hinged implant.    

 Medial restraints in primary TKA  8.1.1

In primary TKA the role of the sMCL was largely preserved from what was previously found 

in native, ACL-deficient knees (Kanamori et al., 2000; Robinson et al., 2006; Warren et al., 

1974). The posteromedial capsule (PMC) acted as a valgus restraint in knee extension as 

found natively by Robinson et al. (2006). Natively the deep MCL (dMCL) has been reported 

as an important internal-external rotation and valgus restraint (Griffith et al., 2009), however 

in TKA where damage due to implantation may have affected the tibial attachment this was 

not as conclusive in contribution. 

Between the CR and PS implants, the only difference in ligament contributions was found in 

valgus rotation, where the PS TKA relied more on the sMCL to provide restraint than the CR 

TKA.   

 Medial restraints in constrained TKA 8.1.2

In the CC TKA the role of the sMCL was to stabilise the knee in valgus, internal-external 

rotations and anterior translation as found previously in native, ACL-deficient knees 

(Kanamori et al., 2000; Robinson et al., 2006; Warren et al., 1974). Furthermore the 
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contributions of the sMCL were of similar magnitude as recorded for the CR/PS TKA knees, 

and thus evidence was not found that a completely deficient sMCL could be substituted by 

the CC TKA. The dMCL was found to have a small contribution and was highly variable 

between knees, which may again have resulted from the implantation procedure. However 

unlike in primary TKA, the PMC was not found to be a valgus restraint even in extension.   

 Lateral restraints in primary TKA   8.1.3

In CR TKA, the LCL was found to restrain varus and internal-external rotation across flexion, 

whereas in the native knee this is only the case in extension and early flexion (Lim et al., 

2012; Sugita and Amis, 2001). It also had a small but significant restraint in anterior drawer, 

which is larger than that reported natively (Butler et al., 1980; Gollehon et al., 1987). The 

anterolateral structures (ALS) including the iliotibial band and anterolateral capsule was 

found to be an internal restraint as expected with native knees (Kittl et al., 2016; Wroble et 

al., 1993), however the popliteus tendon (Pop T) was not a restraint in external or varus 

rotation as found natively by LaPrade et al. (2010) and Pasque et al. (2003). As 

hypothesised from native studies the posterior cruciate ligament (PCL) was a posterior 

drawer restraint, however unlike those studies the PCL was only significant in late flexion 

(Butler et al., 1980; Gollehon et al., 1987). Additional the PCL did not significantly restrain 

valgus rotation as found by Grood et al. (1981).    

 Clinical relevance 8.1.4

Instability is one of the main reasons for TKA failure, and can occur because of soft-tissue 

deficiency or inappropriate implant choice (Mulhall et al., 2006). This research is important 

because in current clinical practice, surgical releases of tight soft-tissues and the choice of 

implant are very subjective and are based on the feel and experience of surgeons. It is 

hoped that by gaining more objective understanding about how each soft-tissue structure 

can stabilise the knee, a more standardised approach to releasing tight structures in varus or 

valgus deformed knees can be made to prevent inadvertent creation of complex laxity 

patterns. This may in turn help less experienced surgeons to choose the correct TKA implant 

for the specific patient based upon which ligament deficiencies they are facing.  

Also relevant to clinical practice is the use of soft-tissue reconstructions with implants. This 

has been discussed as a surgical option but has never been investigated in detail (McAuley 

and Engh, 2003; Morgan et al., 2005). This work has hopefully provided clinicians evidence 

to consider soft-tissue reconstruction as a real alternative to a hinged implant, which could 

potentially prevent the associated higher stresses and bone loss for the patient (Morgan et 

al., 2005). 
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 Research impact 8.1.5

To the best of the author’s knowledge, this work is the first published on delineating the 

relative contributions of ligaments in different TKA knees, and the first biomechanically to 

test soft-tissue reconstruction with a TKA. The literature review (Chapter 2), which 

highlighted the gaps in knowledge of soft-tissue interaction with TKA and subjective testing 

of instability, was accepted for publication in Clinical Biomechanics in 2013 and later 

published in 2014. The capabilities and set-up of the robotic testing system were presented 

at the British Association for Surgery of the Knee (BASK) annual meeting 2014 and won best 

poster prize. The medial release in primary TKA study (Chapter 4) was presented as a 

podium presentation at the BASK annual meeting 2015, and accepted for publication in 

Knee Surgery, Sports Traumatology, Arthroscopy (KSSTA) in 2015. The medial release in 

constrained TKA and medial reconstruction studies (Chapter 5 and Chapter 6) were 

presented as a poster at the European Society of Sports Traumatology, Knee Surgery & 

Arthroscopy (ESSKA) Congress 2016, and accepted for publication in KSSTA in 2016. The 

lateral release in primary TKA study (Chapter 7) was presented as a podium presentation at 

the International Society for Technology in Arthroplasty (ISTA) Congress 2016, and was 

accepted for publication in the Journal of Orthopaedic Research in 2016. The hope is that by 

presenting and publishing this work, clinicians may be convinced in making ligament release 

and implant selection more objective, help engineers to design TKA implants that can 

compensate for ligamentous deficiency, and thus improve TKA success rates. 
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8.2 Continuity between studies 

The chapters presented in this thesis were performed as discrete studies; however the 

protocols were designed so that an entire discussion of different implant selections and 

ligament releases can be made. Therefore a few points must be made regarding differences 

found between them. 

 Difference in native and implanted knee laxity 8.2.1

In both Chapter 4 and Chapter 7, the first stage of the experiment investigated the 

kinematics of the native knee under ±90 N anterior-posterior (AP) force, ±5 Nm internal-

external (IE) and ±8 Nm varus-valgus (VV) torques. The next stage was to implant a primary 

CR TKA implant and then investigate the kinematics of the implanted knee. Two-way 

repeated measures analysis of variance was performed in both cases to compare laxities to 

the knee state (native and implanted knee) across different flexion angles.  

In Chapter 4, no significant differences in IE and VV rotations were found between the native 

knee and the CR TKA, but the CR TKA was significantly more lax than the native knee in AP 

translation. Alternatively in Chapter 7, no significant differences were found in AP, but the 

CR TKA was significantly less lax than the native knee in IE or VV. These sets of results 

imply that the implants were tighter in the lateral study than the medial study, despite the 

same consultant surgeon performing the implantation.  

In general, across studies there is no consistent trend in implanted and native knee 

kinematic comparisons. Whiteside et al. (1987) applied ±2.5 Nm IE and ±15 Nm VV loads 

and were able to retain both IE and VV rotations at near-native stability despite implanting a 

‘rotationally unconstrained TKA’, so long as the ligaments were ‘correctly tensioned’. 

Stoddard et al. (2013) applied ±70 N AP, ±5 Nm IE and ±3.5 Nm VV along with an extensor 

load of 400 N, and only found significant difference in anterior drawer near extension (the 

implanted knee was more lax than the native knee). A similar loading set-up with ±135 N AP, 

±7.5 Nm IE and ±5 Nm VV loads found no difference in IE, a decrease trend in VV (although 

not significant), and increased anterior laxity with a CR TKA compared to the native state 

(Halewood et al.). Saeki et al. (2001) recorded the response to ±35 N AP, ±1.5 Nm IE and 

±10 Nm VV loads with a 45 N compressive load applied, and found an increase in AP laxity 

at 90° flexion and no difference in IE or VV before and after CR TKA implantation. In a study 

where the surgeon applied loads to a ‘subjective endpoint’ by hand whilst the hamstrings/ 

quadriceps were loaded to a combined 292 N, it was found that CR TKA increased the mean 

anterior drawer and decreased IE and VV compared with the native state (Hunt et al., 2015).  
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One reason for the laxity differences between the medial and lateral studies may be due to 

the age of the knee specimens used. Chapter 4 had a mean age of 79 (range 59-96), with 

six out of eight knees of age 79 or above. Chapter 7 had a mean age of 64 (range 47-88), 

with only two out of nine knees older than 79. In the flexed native knees the specimens in 

the medial study demonstrated a higher average VV laxity than the lateral study specimens, 

which may suggest a relative difference in soft-tissue health between the two sets. Therefore 

with healthier soft-tissues in the younger specimens of the lateral study, it would be easier to 

ensure a stable implanted knee compared with the medial study.   

Another possible reason for the laxity differences is that throughout all tested specimens, no 

soft-tissue releases were performed during implantation. None of the knees demonstrated 

significant gap balancing differences in extension and flexion, or had large varus/valgus 

deformities, and so it was decided that no releases were performed to ensure that there was 

full soft-tissue availability during the subsequent transection stages. Nevertheless, the senior 

surgeon performing the implantations (throughout all studies) contended that in at least two 

of the lateral study specimens it would have been standard practice in live surgery to 

partially release the lateral retinaculum around the patella to ensure complete balance.          

 Difference in flexion angle positions 8.2.2

In Chapter 4, the eight native knees were tested at 0°, 15°, 30°, 60° and 90° flexion angles. 

When these knees were taken out of the robot, and implanted with the CR/ PS implants, 

there was a difference in attaining full extension compared to that defined in the native state 

(the TKA cuts were verified as correct with high-resolution sagittal plane images by another 

senior consultant surgeon who did not perform the surgery). The protocol at this time was to 

put the implanted knee back at the original 15° flexion angle and perform the subsequent 

tests at 15°, 30°, 60° and 90° relative to the native 0° position, and not to test at the ‘new’ full 

extension.  

When Chapter 7 was devised, a new methodology was implemented in response to the 

protocol issues experienced in the first study. The nine native knees were tested at 0°, 30°, 

60° and 90° flexion angles, then taken out of the robot and implanted with the CR implants. 

The ‘full extension’ for the implanted knee was taken as the lowest angle of flexion at which 

it was possible to perform AP, IE and VV loads (that is, a full three cycles completed whilst 

the robot was able to minimise forces/ moments in the other 4 degrees of freedom). The 

subsequent tests on the implanted knees were performed at 30°, 60° and 90° relative to the 

native 0° position.  

In order to satisfy reviewers for the paper on medial release in primary implants (Athwal et 

al., 2016b), the starting flexion angles were presented in the paper relative to the implanted 
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0° position: 4°, 19°, 49° and 79° (as opposed to 15°, 30°, 60° and 90° relative to the native 

0° position).These angles were quantified as the difference between the full extension of the 

native knees and the full extension of the implanted knees using high-resolution sagittal 

plane images and ImageJ software (Version 1.49p, National Institutes of Health, Bethesda, 

MD). The ‘full extension’ of the implanted states were found to be on average 11° (±3.8° 

standard deviation) more flexed than the ‘full extension’ of the native states, thus resulting in 

the starting flexion angles in the paper being offset by 11°. It was chosen to present the 

flexion angles in this thesis relative to the native 0° position to ensure continuity between the 

studies.  

 Difference in anterior-posterior loads 8.2.3

In Chapters 4 and 7, the anterior-posterior forces applied to the native/ implanted knees 

were ±90 N. This was chosen to replicate the 89 N applied by a KT 1000 arthrometer in AP 

drawer (Daniel et al., 1985). However in Chapters 5 and 6, this was reduced to ±50 N. In 

these two studies the force was limited to ensure that the tibial post in the CC TKA did not 

dislocate anteriorly from the femoral box in particularly lax knees. In the standard PS TKA a 

post dislocation was not an issue as the fixed-bearing tibial post returned back to its original 

path after reaching the 90 N anterior limit. However in the CC TKA implant with a mobile-

bearing tibial tray, the post would sometimes rotate on returning to the original path and thus 

impinge on the femoral box. This action prevented the robotic system from neutralising 

forces in the other planes of motion and risked rupturing the soft tissue around the joint.     

In chapter 7, the average AP translation for a CR TKA across the flexion arc in response to 

±90 N was 14.8mm. In chapter 6 the average AP translation for a CC TKA in response to 

±50 N was 6.5mm. Therefore caution must be made when attempting to extrapolate the soft-

tissue contributions and laxity differences between implant constraints between the different 

loads. The contributions of the medial soft-tissues to restraining AP translation in CR/ PS 

TKA have been documented in Table 8.1: in response to either ±90 N or ±50 N, the soft-

tissues demonstrated contributions of similar magnitude. 
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Table 8.1 The contributions of medial soft tissues to restraining anterior-posterior 

force in a cruciate-retaining/ posterior-stabilised implanted knee, when subject to ±90 

N or ±50 N. 

Figures quoted are mean ± standard deviations. dMCL = deep medial collateral ligament, sMCL = superficial 

medial collateral ligament, Ant sMCL = anterior fibres of the sMCL, PMC = posteromedial capsule.  

 

  

Anterior Tibial Load (n = 8) 

Flexion 

Angle 

Contribution to 90 N / % Contribution to 50 N / % 

dMCL 

Ant 

sMCL 

Total 

sMCL PMC dMCL 

Ant 

sMCL 

Total 

sMCL PMC 

15° 8 ± 5 5 ± 4 18 ± 12 4 ± 3 16 ± 12 6 ± 6 16 ± 11 5 ± 4 

30° 6 ± 6 8 ± 7 24 ± 14 3 ± 2 8 ± 6 12 ± 7 26 ± 19 6 ± 7 

60° 7 ± 8 10 ± 8 30 ± 11 2 ± 2 9 ± 9 10 ± 10 32 ± 18 4 ± 3 

90° 7 ± 9 9 ± 8 26 ± 14 2 ± 2 7 ± 8 11 ± 7 29 ± 15 3 ± 3 

Posterior Tibial Load (n = 8) 

Flexion 

Angle 

Contribution to 90 N / % Contribution to 50 N / % 

dMCL 

Ant 

sMCL 

Total 

sMCL PMC dMCL 

Ant 

sMCL 

Total 

sMCL PMC 

15° 1 ± 2 3 ± 2 11 ± 7 3 ± 3 2 ± 4 5 ± 5 16 ± 12 6 ± 5 

30° 5 ± 4 2 ± 2 10 ± 18 1 ± 2 7 ± 6 2 ± 2 14 ± 19 1 ± 2 

60° 6 ± 5 1 ± 1 10 ± 17 1 ± 1 12 ± 8 2 ± 3 12 ± 16 1 ± 2 

90° 4 ± 4 1 ± 1 10 ± 15 0 ± 0 8 ± 7 2 ± 3 16 ± 14 2 ± 2 
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 Total soft tissue contributions 8.2.4

A limitation of the cadaveric testing was ensuring that the testing time did not lead to 

degradation of the specimen tissue (although during testing the samples were kept moist 

with damp paper towels and saline solution) ; therefore it was not possible to test all the 

relevant soft-tissues on a single specimen. However, by summing the results from different 

CR TKA knees from the medial and lateral studies (Chapter 4 and Chapter 7) it was possible 

to get an indication of the total soft-tissue effect on CR-TKA stability (the results are 

tabulated in Appendix 10.5).    

In anterior drawer, the lateral and medial structures had comparatively similar restraint, with 

the PCL contributing very little (Figure 8.1). In posterior drawer again the contributions of the 

lateral and medial structures were of similar magnitude, but the PCL was a very large 

restraint particularly at 60° and 90° flexion (Figure 8.2). When summing up the mean 

contributions of the soft tissues, there were remaining contributions that were unaccounted 

for: these ranged in anterior restraint from 35% at 0-15° to 23% at 60° and 90°, and in 

posterior restraint from 67% at 0-15° to 20% at 60°. These contributions were likely a 

combination of restraint from the concavity of the tibial insert, passive deadweight of 

surrounding unloaded muscles, and other soft tissues not investigated. Such restraint may 

be found on the posterior aspect of the implanted knee, where often remnants of the 

posterior meniscal horn were found despite tibial plateau resection and menisectomy during 

TKA surgery. In this case, it may be speculated that the meniscofemoral ligaments of 

Humphry and Wrisberg may provide some restraint in posterior drawer as found in native 

knees (Gupte et al., 2003), or the posteromedial meniscocapsular junction in anterior drawer 

(Stephen et al., 2016), but there is no objective evidence to suggest this idea. Grood et al. 

(1988) found an increase in posterior translation near full extension in native knees when 

cutting the posterior capsule including the entire arcuate complex, which was not 

investigated in these studies (other than the direct popliteus tendon attachment).                

In internal-external rotation, there was little evidence from the combined studies that the CR 

insert provided an important restraint. The mean cumulative soft-tissue contributions were 

found to be greater than 100% at all angles in internal rotation (Figure 8.3) and all angles 

except 0-15° flexion in external rotation (Figure 8.4). Although it is obvious that in a single 

specimen the sum contribution would not amount to more than 100%, the compound 

standard deviations (dotted lines on the figures) demonstrate that there was unlikely to be an 

important restraint from the insert or other soft-tissues not investigated.  

Similarly in varus-valgus rotation, there was little evidence that either the insert or non-

investigated soft-tissues provided a large restraint. The mean cumulative contributions of the 
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investigated soft-tissues ranged from 91% to 102% in varus (Figure 8.5), and 93% to 107% 

in valgus (Figure 8.6). It is also clear that in varus the lateral structures were far more 

important than the medial structures, and in valgus the medial structures were most 

significant. This is predominantely related to the primary stabilising effect of the lateral and 

medial collateral ligaments in varus and valgus rotation respectively, which has been well 

known for the native knee since the work of Butler, Noyes and Grood in the 1980s (Grood et 

al., 1981).   
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Figure 8.1 The cumulative contribution of soft tissues to restraining anterior 

translation in a cruciate-retaining knee, including the compound standard deviations 

(SD) from the medial and lateral studies. 

 

 

Figure 8.2 The cumulative contribution of soft tissues to restraining posterior 

translation in a cruciate-retaining knee, including the compound standard deviations 

(SD) from the medial and lateral studies. 
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Figure 8.3 The cumulative contribution of soft tissues to restraining internal rotation 

in a cruciate-retaining knee, including the compound standard deviations (SD) from 

the medial and lateral studies. 

 

 

Figure 8.4 The cumulative contribution of soft tissues to restraining external rotation 

in a cruciate-retaining knee, including the compound standard deviations (SD) from 

the medial and lateral studies. 
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Figure 8.5 The cumulative contribution of soft tissues to restraining varus rotation in 

a cruciate-retaining knee, including the compound standard deviations (SD) from the 

medial and lateral studies. 

 

 

Figure 8.6 The cumulative contribution of soft tissues to restraining valgus rotation in 

a cruciate-retaining knee, including the compound standard deviations (SD) from the 

medial and lateral studies. 

  



DISCUSSION 

111 
 

8.3 Strengths of work 

 Robotic testing system 8.3.1

The robotic testing system developed at the Biomechanics Group in Imperial College 

London has been extensively used in the experiments detailed in this thesis. The system as 

a whole has provided accurate and repeatable measurement of knee kinematics in six 

degrees of freedom (DOF). The system can apply either a flexion torque, or fix the flexion 

angle and apply a load in one DOF, whilst simultaneously minimising the loads in the other 

DOF to provide a simulation of knee joint motion with no overstretching of ligaments.  

The added benefit of using the robotic system in these experiments was being able to run in 

force control and displacement control. This allowed a comprehensive investigation into 

multi-faceted effects of soft-tissue on TKA stability: we were able to see how native and 

different implanted laxity states compared, and also calculate the relative contributions of 

different soft-tissues during complex movements. Attempting to gain this information in either 

Materials Testing Systems or other kinematics rigs is simply not feasible. 

 Collaborative work  8.3.2

The studies involved extensive collaboration with both surgeons and engineers at all stages 

of planning, design and testing. This meant that not only was the protocol and testing 

mechanically robust and repeatable, but also the clinical relevance of the work was 

maintained throughout. 

 Repeated measures design 8.3.3

The study protocols were optimised to allow repeated measurements on the same 

specimens. For example, in chapter 4 we were able to use the control measure (ie. the 

native knee) and implant both CR and PS TKAs in four of the same knees. In all the studies, 

we were able to test all the medial or lateral structures in each specimen. The repeated 

measures design better accounted for inter-specimen variability such as natural joint laxity or 

soft-tissue health, and as a result allowed for statistical inferences to be made with fewer 

specimens.     
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8.4 Limitations of work 

 Implants 8.4.1

The implants used in the studies were manufactured solely by DePuy (DePuy Synthes Joint 

Reconstruction, Leeds, UK). The primary implants used in Chapter 4 and Chapter 7 were 

either the PFC Sigma CR or PS implants. The constrained implant used in the Chapter 5 

and Chapter 6 was the PFC Sigma TC3. It is therefore difficult to draw conclusions relevant 

to equivalent implant designs from different manufacturers as there are slight differences. 

For example, the Triathlon TS (Stryker, Mahwah, NJ) insert has a squared, non-tapered 

coronal projection so may provide a different inherent support than the PFC Sigma TC3 

(Ghosh et al., 2016). However, the DePuy PFC Sigma is by far the main TKA choice in the 

UK: the latest National Joint Registry report showed that during 2014 the PFC Sigma was 

used in 32% of all primary and 36% of all revision TKA procedures (the next highest brands 

for primaries and revisions were 17% and 11% respectively) (NJR, 2015). Therefore it is 

argued that the use of DePuy Sigma implants for the studies was the most representative of 

the population.  

 Specimens 8.4.2

As discussed in 8.3.3, using repeated measure designs in the protocol minimises the effects 

of inter-specimen variability. However, the small numbers of knees mean that caution must 

be used when attempting to draw conclusions at a population level. 

The cadaveric knees did not have extensive osteoarthritis, which was to be expected as they 

had not been replaced at time of death. This meant that the condition of the knees produced 

less variability when testing. However, this also meant that the condition of the bone and 

soft-tissue may not have been fully representative of patient candidates for TKA. 

Additionally, none of the specimens exhibited varus/ valgus deformities causing soft-tissue 

tightness in the medial/ lateral ligaments. Therefore the contributions of the soft-tissues 

demonstrated in these well-balanced knees may underestimate the true contributions of tight 

ligaments, and overestimate those of lax ligaments, as found in coronal deformities.  

 In-vitro testing 8.4.3

The results cannot be extended to normal physiological movements experienced by patients, 

as this was beyond the scope of the present work. The forces and moments experienced by 

the knee during level walking and climbing up and down stairs, for example, have been 

shown in-vivo to be much different in magnitude and loading-rates than the ±90 N  AP, ±5 

Nm IE and ±8 Nm VV loads applied in these studies (Heinlein et al., 2009). However, as 
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physiological loads are highly variable between patients, the standardised loads chosen 

(based on clinician tests for laxity) provide a repeatable method in which to investigate 

comparative implant laxities and soft-tissue contributions.      

Despite the simplified loading scheme and the other limitations discussed in earlier  chapters 

regarding time-zero testing and lack of muscle loading, we can confidently describe how the 

passive soft-tissues contribute to knee stability during surgical examination. However for 

more detailed understanding of the effect during day-to-day load-bearing activity, the 

findings need to be verified with in-vivo clinical evidence. This may well be accomplished 

using instrumented implants (Bergmann et al., 2014) or with video fluoroscopy techniques 

(Zhao et al., 2007). 

 Cutting order of soft-tissue 8.4.4

The cutting sequences of the soft-tissues were not altered between specimens. The medial 

structures were always cut as deep medial collateral ligament (dMCL) first, followed by the 

superficial medial collateral ligament (sMCL) then the posteromedial capsule (PMC). The 

lateral structures were cut with the anterolateral structures (ALS) first, followed by the lateral 

collateral ligament (LCL) then the popliteus tendon (Pop T). These protocols were chosen 

because of difficulties attempting to access the posterior structures via the medial 

arthrotomy, before the anterior structures were cut. There have been other studies (both 

implanted and native) which sectioned the soft-tissues from anterior to posterior (Kanamiya 

et al., 2002; Kittl et al., 2016; Petersen et al., 2008; Schafer et al., 2016), reflecting 

widespread clinical use of this protocol for ligament releases in association with TKA.  

Any biasing effect due to cutting order was minimised by using displacement control and 

thus applying the principle of superposition (force control means that you inevitably over 

stretch or damage secondary ligaments if the primary restraints are cut first, see 3.5). 

However, since the rules of superposition are based on the assumption that there are no 

interactions between the ligaments (Rudy et al., 1996), the indistinct boundaries that exist 

between the structures may be considered a small limitation. This could be investigated by 

using paired specimens in which the cutting order is reversed in one of each pair, when any 

differences could be due to shear transfer across/ between the structures. 
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8.5 Future work 

 Visual modelling of soft-tissue contributions 8.5.1

Previous studies have matched in-vitro experimental studies with dynamic simulation models 

to help to evaluate implant designs and predict soft-tissue behaviour in a computational 

setting (Baldwin et al., 2012; Ewing et al., 2016). A similar utilisation of motion capture 

techniques with the cadaveric experiments in the robotic testing system could produce visual 

models to demonstrate the complex three-dimensional ligamentous effect on prosthetic knee 

stability. This would help to translate the numerical data in this body of work into a more 

approachable format. 

The robotic testing system would be used to test a set of cadaveric TKA knees under ±90 N 

AP, ±5 Nm IE and ±8 Nm VV loads (force-control) at different flexion angles, and again in 

force-control after sectioning various soft-tissue structures. An optical system would also 

measure the tibiofemoral kinematics during the trials, by tracking passive fiducial markers 

rigidly secured onto the tibia and femur (Stephen et al., 2016). Further digitisation of points 

would be made using a stylus probe: bony anatomical landmarks for coordinate system 

alignment; edges of bone cuts to record implant positioning; and the attachment areas of the 

sectioned soft-tissues (Baldwin et al., 2012).  

A dynamic model could then be constructed by matching the anatomical landmarks of the 

specimen to those extracted from magnetic resonance images of the bones, and aligning 

computer aided designs of the implant (provided by the manufacturer) to the digitised cut 

edges of the bones. The ligaments would be simply modelled as entities located at the 

digitised attachment areas. 

This simplified model (which relies on explicit kinematic input from in-vitro experiments) 

could then be used to visualise the complex kinematic effects when cutting different soft-

tissues in the cadaveric experiment. To implement the model as a tool to evaluate implant 

designs and soft-tissue behaviour in line with Baldwin et al. and Ewing et al., further 

modelling of the ligaments as non-linear springs and material properties of the implant, soft-

tissue and bones would be required.                    

 Lateral reconstructions with total knee arthroplasty 8.5.2

It is possible that TKA implantation may cause iatrogenic injury to the lateral structures. For 

example, a study found approximately half of the investigated knees had the pop T femoral 

attachment either partially or completely excised due to the distal femoral cuts in TKA 

implantation (Aki et al., 2016). Other studies have reported LCL rupture intraoperatively or 8 

weeks postoperatively (Flierl et al., 2014; Jackson et al., 2008). Therefore to further 
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understand the kinematics of soft-tissue reconstructions combined with implants, an 

investigation into lateral reconstructions could be undertaken to complement the completed 

work in Chapter 6. There are many different native knee reconstructions for lateral soft-

tissue deficiency that could be used.   

For repairing the anterolateral structures, there are classic non-anatomical tenodeses 

(Lemaire and Combelles, 1980; MacIntosh and Darby, 1976) which isolate a strip of iliotibial 

tract attached to Gerdy’s tubercle, pass it deep to the LCL and attach it to the lateral femur 

(Kittl et al., 2015). Alternatively a recent biomechanical study to ‘anatomically’ reconstruct 

the anterolateral ligament attached a semitendinosus graft on the tibia midway between 

Gerdy’s tubercle and the fibular head, and passed it superficial to, and attaching posteriorly 

on the femur to, the LCL (Nitri et al., 2016).      

To reconstruct the posterolateral structures, the modified Larson technique uses a graft 

which passes midsubstance through the fibular head and has both free ends attached in two 

tunnels on the lateral femoral epicondyle (Apsingi et al., 2009; Larson et al., 1996; Miyatake 

et al., 2011). This technique proposes reproducing the restraint provided by the 

popliteofibular ligament and the LCL, however it does not intend to recreate their anatomical 

attachment points on the femur. A technique designed by LaPrade et al. (2004) aimed to 

more ‘anatomically’ reconstruct the LCL, popliteofibular ligament and popliteus tendon with 

two grafts. One graft attaches at the LCL femoral attachment, passes midsubstance through 

the fibular head and secures to a tibial tunnel drilled from the posterior popliteal groove to 

Gerdy’s tubercle; the other graft secures in the same tibial tunnel and to the femur at the 

popliteus tendon attachment site (LaPrade et al., 2004). One consideration that must be 

made if using this reconstruction with an implanted knee is whether there is any potential 

interaction between the tibial tunnel and the implant keel.     

 Hinged implants 8.5.3

The manufacturer’s indication for their S-ROM Noiles (Depuy Synthes Joint Reconstruction, 

Leeds, UK) rotating hinge (RH) implant suggest that it should be used instead of CC TKA 

when the MCL is absent, and when the LCL is absent combined with metaphyseal loss. The 

finding in chapter 5 that the CC TKA relies on the sMCL helps support this; however the 

assertion should be corroborated with a direct experiment using RH TKA. The hypotheses 

for such an experiment would be that the RH implanted knee is more constrained in varus-

valgus laxity than CC TKA, the sMCL and LCL has little or no percentage contribution to VV 

or AP stability in RH knee, and by cutting the sMCL/ LCL there is no significant increase in 

VV or AP laxity. The free-to-rotate platform design may mean that under a ±5 Nm IE torque 

the collateral ligaments may contribute some rotational restraint.  
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 Instrumented tibial implants 8.5.4

This PhD has concluded that the collateral ligaments need to be preserved to prevent a 

complex laxity pattern in implanted knees. However it is not entirely clear whether the other 

soft-tissue structures such as the PMC or ALS are therefore ‘safe’ to release if capable of 

correcting a varus/ valgus deformity. A study could be devised in which the medial/ lateral 

compartment joint loads during soft-tissue releases could be tracked during AP, IE and VV 

tests to evaluate their effectiveness in balancing the knee compared with the change in 

laxity. 

There has been previous work into joint contact in both cadaveric and live implanted knees. 

Studies have fixed pressure sensitive film onto the articular surface of the tibial insert to gain 

pressure distribution patterns on both medial and lateral condyles (Most et al., 2006; 

Steinbruck et al., 2016; Takahashi et al., 1997). A disadvantage of using resistive sensors 

like these is that they cannot conform to curved surfaces without suffering from artefacts due 

to crinkling of the film (Martinelli et al., 2006). An alternative method has been to use 

instrumented tibial implants which have inbuilt force transducers and telemetry to record 

contact loads in the joint (D'Lima et al., 2011; Heinlein et al., 2009; Zhao et al., 2007).  

A recent commercial device called the Verasense (OrthoSensor, Florida, USA) is a tibial trial 

insert designed to help balance the knee during surgery (Gustke, 2014; Manning et al., 

2016; Walker et al., 2014). Using a device such as this which can be applied across different 

manufacturers and implant constraint, we would be able to track how the contact loads and 

maximal contact locations on the medial and lateral condyles changes when releasing 

different soft-tissues. A ‘safe’ soft-tissue release may be deemed as one that causes a 

change in medial/ lateral contact force balance, but which does not significantly increase 

laxity or change the maximal contact locations significantly during AP drawer or IE rotation.      

 Ligamentotaxis effect 8.5.5

In implanted knees, ligamentotaxis is the effect of retensioning lax ligaments by filling the 

joint space with a thicker insert. As changing the insert thickness has been shown to change 

the laxity envelope of the knee (Mueller et al., 2014), an argument could be made that in the 

event of sMCL/ LCL deficiency simply increasing the insert thickness may tension secondary 

soft-tissues enough to provide stability in their absence (without changing to a more-

constrained implant). This could be investigated in the robotic testing system by altering the 

insert sizes in increments, and seeing if this affects the secondary soft-tissue load 

contributions (with or without the presence of the sMCL or the LCL).    
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8.6 Conclusion 

Ligamentous soft-tissues provide an important passive restraint to stability of total knee 

replacements. Clinicians need to be wary of ligamentous deficiency when choosing implants, 

or releasing structures to correct for varus/valgus deformities; this is especially relevant with 

the sMCL or the LCL, as they could create a complex laxity pattern. In such collateral 

deficiency it may be advised to go to a hinged implant, or utilise a soft-tissue reconstruction 

in conjunction with a less-constrained implant.  
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10 Appendices 

10.1 Results from Medial Release in Primary Total Knee Arthroplasty 

Table 10.1 Laxity comparisons between native and primary implanted states 

  

Anterior / Posterior Tibial Load ± 90N (n = 4) 

Flexion 

Angle 

Anterior Translation / mm Posterior Translation / mm 

Native CR TKA PS TKA Native CR TKA PS TKA 

15° 7.5 ± 1.4 10.3 ± 1.9 9.2 ± 3.5 7.5 ± 1.2 17.8 ± 2.7n 17.7 ± 3.0n 

30° 9.1 ± 1.0 15.3 ± 1.4n 16.2 ± 3.2n 8.7 ± 0.9 18.7 ± 2.0n 18.9 ± 1.0n 

60° 7.8 ± 1.1 18.3 ± 1.3n 18.7 ± 2.0n 7.7 ± 0.8 15.6 ± 3.3n 17.2 ± 2.2n 

90° 6.6 ± 0.1 18.9 ± 1.8n 20.0 ± 3.1n 6.3 ± 0.4 14.0 ± 4.2 14.9 ± 3.4 

Internal / External Tibial Load ± 5Nm (n = 4) 

 

Internal Rotation / ° External Rotation / ° 

Native CR TKA PS TKA Native CR TKA PS TKA 

15° 13.3 ± 3.7 10.4 ± 3.1 9.1 ± 2.6 17.6 ± 7.0 9.9 ± 4.8 8.7 ± 3.1 

30° 19.2 ± 6.2 15.8 ± 5.2 15.4 ± 4.9 18.8 ± 6.3 13.3 ± 4.8 12.0 ± 2.6 

60° 21.8 ± 5.4 15.9 ± 3.3 15.0 ± 4.5 15.4 ± 2.8 17.8 ± 4.4 18.3 ± 4.2 

90° 14.6 ± 3.2 15.5 ± 2.4 15.4 ± 2.0 20.3 ± 7.1 19.7 ± 3.0 20.0 ± 6.0 
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Figures quoted are mean ± standard deviations. CR TKA = cruciate-retaining total knee arthroplasty, PS TKA = 

posterior-stabilised total knee arthroplasty. 
n 

indicates when the CR/PS TKA was significantly more lax than the 

native state.    

  

Varus / Valgus Tibial Load ± 8Nm (n = 4) 

 

Varus Rotation / ° Valgus Rotation / ° 

Native CR TKA PS TKA Native CR TKA PS TKA 

15° 5.0 ± 1.4 3.5 ± 1.7 3.3 ± 1.6 5.7 ± 2.8 3.5 ± 1.5 3.9 ± 2.0 

30° 7.1 ± 3.6 5.3 ± 2.6 5.3 ± 2.6 6.2 ± 1.7 5.3 ± 2.3 5.4 ± 2.3 

60° 8.5 ± 3.4 6.8 ± 3.4 7.2 ± 3.4 6.8 ± 1.7 7.1 ± 3.8 7.2 ± 3.6 

90° 8.0 ± 2.5 7.9 ± 4.7 8.3 ± 4.0 8.0 ± 2.1 8.4 ± 5.3 8.6 ± 4.4 
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Table 10.2 Medial soft-tissue contributions to primary implanted knees 

  

Anterior / Posterior Tibial Load ± 90N (n = 8) 

Flexion 

Angle 

Contribution to anterior / % Contribution to posterior / % 

dMCL 

Ant 

sMCL 

Total 

sMCL PMC dMCL 

Ant 

sMCL 

Total 

sMCL PMC 

15° 8 ± 5 5 ± 4 18 ± 12* 4 ± 3 1 ± 2 3 ± 2 11 ± 7* 3 ± 3 

30° 6 ± 6 8 ± 7 24 ± 14* 3 ± 2 5 ± 4 2 ± 2 10 ± 18 1 ± 2 

60° 7 ± 8 10 ± 8 30 ± 11* 2 ± 2 6 ± 5 1 ± 1 10 ± 17 1 ± 1 

90° 7 ± 9 9 ± 8 26 ± 14* 2 ± 2 4 ± 4 1 ± 1 10 ± 15 0 ± 0 

Internal / External Tibial Load ± 5Nm (n = 8) 

 

Contribution to internal / % Contribution to external / % 

dMCL 

Ant 

sMCL 

Total 

sMCL PMC dMCL 

Ant 

sMCL 

Total 

sMCL PMC 

15° 6 ± 5 4 ± 3 17 ± 8* 10 ± 7 10 ± 6 13 ± 12 33 ± 15* 12 ± 10 

30° 8 ± 5 5 ± 5 24 ± 5* 10 ± 8 11 ± 7* 13 ± 9 37 ± 11* 6 ± 5 

60° 9 ± 6 6 ± 6 25 ± 11* 6 ± 7 11 ± 9 13 ± 9 39 ± 13* 2 ± 2 

90° 8 ± 7 5 ± 6 24 ± 16* 5 ± 7 11 ± 12 14 ± 12 38 ± 16* 2 ± 1 
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Figures quoted are mean ± standard deviations. dMCL = deep medial collateral ligament, sMCL = superficial 

medial collateral ligament, Ant sMCL = anterior fibres of the sMCL, PMC = posteromedial capsule, CR TKA = 

cruciate-retaining total knee arthroplasty, PS TKA = posterior-stabilised total knee arthroplasty.
 
*

 
indicates a 

statistically significant contribution greater than 10%. Ɨ indicates a statistically significant between the contribution 

of the sMCL between the CR and PS TKA.    

 

  

Varus / Valgus Tibial Load ± 8Nm (n = 8) 

 

Contribution to varus / % Contribution to valgus / % 

dMCL 

Ant 

sMCL 

Total 

sMCL PMC dMCL 

Ant 

sMCL 

Total 

sMCL PMC 

15° 8 ± 7 1 ± 1 3 ± 4 4 ± 5 11 ± 6* 16 ± 13 59 ± 18* 10 ± 7* 

30° 9 ± 9 3 ± 2 6 ± 6 2 ± 1 12 ± 7* 18 ± 17 65 ± 14* 6 ± 6 

60° 7 ± 6 1 ± 2 5 ± 5 1 ± 1 14 ± 12 19 ± 19 63 ± 21* 3 ± 3 

90° 2 ± 2 2 ± 3 4 ± 6 1 ± 1 14 ± 14 21 ± 22 60 ± 30* 1 ± 1 

Contribution of sMCL to restraining valgus load / % 

Flexion Angle Both Implants (n = 8) CR TKA (n = 4) PS TKA (n = 4) 

15° 59 ± 18 58 ± 15 61 ± 22  

30° 65 ± 14 55 ± 6 74 ± 13Ɨ 

60° 63 ± 21 47 ± 16 79 ± 8Ɨ 

90° 60 ± 30 41 ± 33 79 ± 4 
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10.2 Results from Medial Release in Constrained Total Knee Arthroplasty 

Table 10.3 Medial soft-tissue contributions to constrained implanted knees  

  

Anterior / Posterior Tibial Load ± 50N (n = 8) 

Flexion 

Angle 

Contribution to anterior / % Contribution to posterior / % 

dMCL 

Ant 

sMCL 

Total 

sMCL PMC dMCL 

Ant 

sMCL 

Total 

sMCL PMC 

0° 18 ± 18 18 ± 11 29 ± 7* 3 ± 2 0 ± 1 8 ± 9 17 ± 9* 5 ± 7 

30° 16 ± 19 21 ± 17 35 ± 19* 3 ± 3 4 ± 4 11 ± 12 17 ± 14 3 ± 4 

60° 17 ± 18  21 ± 22 33 ± 20* 3 ± 2 14 ± 6* 8 ± 15 13 ± 15 3 ± 4 

90° 17 ± 18 22 ± 24 34 ± 22 2 ± 2 6 ± 5 7 ± 7 10 ± 8 3 ± 2 

Internal / External Tibial Load ± 5Nm (n = 8) 

 

Contribution to internal / % Contribution to external / % 

dMCL 

Ant 

sMCL 

Total 

sMCL PMC dMCL 

Ant 

sMCL 

Total 

sMCL PMC 

0° 18 ± 22 7 ± 10 22 ± 15* 4 ± 5 15 ± 16 19 ± 14 30 ± 12* 4 ± 2 

30° 18 ± 19 10 ± 14 29 ± 17* 5 ± 7 19 ± 13* 18 ± 17 27 ± 14* 1 ± 1 

60° 17 ± 9* 11 ± 14 30 ± 16* 4 ± 5 19 ± 11* 19 ± 17 28 ± 14* 1 ± 1 

90° 14 ± 5* 10 ± 11 31 ± 16* 3 ± 3 17 ± 8* 19 ± 18 30 ± 15* 1 ± 1 
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Figures quoted are mean ± standard deviations. dMCL = deep medial collateral ligament, sMCL = superficial 

medial collateral ligament, Ant sMCL = anterior fibres of the sMCL, PMC = posteromedial capsule.
 
*

 
indicates a 

statistically significant contribution greater than 10%.  

 

  

Varus / Valgus Tibial Load ± 8Nm (n = 8) 

 

Contribution to varus / % Contribution to valgus / % 

dMCL 

Ant 

sMCL 

Total 

sMCL PMC dMCL 

Ant 

sMCL 

Total 

sMCL PMC 

0° 11 ± 9 8 ± 8 11 ± 12 2 ± 2 17 ± 7* 13 ± 8 44 ± 15* 6 ± 5 

30° 11 ± 8 4 ± 5 7 ± 5 1 ± 1 13 ± 13 20 ± 14 55 ± 20* 4 ± 7 

60° 9 ± 5 6 ± 5 8 ± 4 1 ± 1 17 ± 12* 24 ± 20 55 ± 14* 2 ± 4 

90° 5 ± 4 5 ± 5 7 ± 5 1 ± 1 18 ± 16 26 ± 25 54 ± 16* 2 ± 2 
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10.3 Results from Medial Reconstruction with Total Knee Arthroplasty 

Table 10.4 Laxity comparisons between native and implant with reconstruction states 

  

Anterior / Posterior Tibial Load ± 50N (n = 8) 

Flexion 

Angle 

Anterior Translation / mm Posterior Translation / mm 

CC TKA 

CC TKA with 

reconstruction, no MCL 

or PMC 

CC TKA 

CC TKA with 

reconstruction, no MCL 

or PMC 

0° 1.4 ± 0.3 2.0 ± 0.7 1.5 ± 0.7 2.4 ± 0.6 

30° 3.0 ± 1.9 7.0 ± 3.9 4.1 ± 1.8 5.0 ± 1.1 

60° 4.0 ± 2.1 7.0 ± 3.4 3.9 ± 2.4 5.2 ± 1.5 

90° 4.7 ± 2.2 8.6 ± 4.6 3.6 ± 2.2 5.0 ± 2.1 

Internal / External Tibial Load ± 5Nm (n = 8) 

 

Internal Rotation / ° External Rotation / ° 

CC TKA 

CC TKA with 

reconstruction, no 

MCL or PMC 

CC TKA 

CC TKA with 

reconstruction, no 

MCL or PMC 

0° 7.5 ± 1.7 11.6 ± 4.1 9.0 ± 2.7 14.7 ± 6.3 

30° 14.1 ± 4.3 19.4 ± 7.7 14.4 ± 7.6 18.7 ± 6.5 

60° 16.2 ± 5.2 22.8 ± 8.5 19.4 ± 8.6 19.9 ± 6.8 

90° 20.9 ± 8.5 23.5 ± 11.1 19.3 ± 7.2 24.2 ± 6.4 
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Figures quoted are mean ± standard deviations. CC TKA = constrained-condylar total knee arthroplasty, MCL = 

medial collateral ligament, PMC = posteromedial capsule. 

 

  

Varus / Valgus Tibial Load ± 8Nm (n = 8) 

 

Varus Rotation / ° Valgus Rotation / ° 

CC TKA 

CC TKA with 

reconstruction, no 

MCL or PMC 

CC TKA 

CC TKA with 

reconstruction, no MCL 

or PMC 

0° 1.3 ± 0.7 2.4 ± 1.6 1.5 ± 1.0 4.4 ± 1.6 

30° 2.9 ± 2.0 4.0 ± 2.4 3.5 ± 2.3 6.7 ± 3.7 

60° 4.8 ± 3.8 6.0 ± 5.8 4.7 ± 2.6 7.4 ± 4.8 

90° 6.6 ± 5.0 8.9 ± 6.7 6.1 ± 3.2 8.9 ± 6.7 
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Table 10.5 Medial soft-tissue and reconstruction contributions in constrained 

condylar implanted knees 

  

Anterior / Posterior Tibial Load ± 50N (n = 8) 

Flexion 

Angle 

Contribution to anterior / % Contribution to posterior / % 

Recons-

truction sMCL 

sMCL, dMCL 

and PMC 

Recons-

truction sMCL 

sMCL, dMCL 

and PMC 

0° 17 ± 19 29 ± 7 47 ± 19R 11 ± 13 17 ± 9 22 ± 9 

30° 34 ± 22 35 ± 19 52 ± 18R 22 ± 21 17 ± 14 24 ± 18 

60° 41 ± 24 33 ± 20 50 ± 27R 22 ± 21 13 ± 15 28 ± 13 

90° 41 ± 29 34 ± 22 50 ± 30 15 ± 9 10 ± 8 18 ± 7 

Internal / External Tibial Load ± 5Nm (n = 8) 

 

Contribution to internal / % Contribution to external / % 

Recons-

truction sMCL 

sMCL, dMCL 

and PMC 

Recons-

truction sMCL 

sMCL, dMCL 

and PMC 

0° 26 ± 17 22 ± 15 42 ± 19R 13 ± 11 30 ± 12 47 ± 13R 

30° 40 ± 15 29 ± 17 50 ± 18 28 ± 11 27 ± 14 45 ± 13R 

60° 45 ± 10 30 ± 16 48 ± 18 37 ± 13 28 ± 14 46 ± 14 

90° 38 ± 19 31 ± 16 46 ± 16 41 ± 17 30 ± 15 46 ± 13 
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Figures quoted are mean ± standard deviations. dMCL = deep medial collateral ligament, sMCL = superficial 

medial collateral ligament, PMC = posteromedial capsule.
 R 

indicates a statistically significant difference between 

the combined contribution of the sMCL, dMCL and PMC, and the contribution of the reconstruction. 
S
 indicates a 

statistically significant difference between the contribution of the reconstruction and the contribution of the sMCL. 

 

  

Varus / Valgus Tibial Load ± 8Nm (n = 8) 

 

Contribution to varus / % Contribution to valgus / % 

Recons-

truction sMCL 

sMCL, dMCL 

and PMC 

Recons-

truction sMCL 

sMCL, dMCL 

and PMC 

0° 7 ± 7 11 ± 12 20 ± 15R 40 ± 20 44 ± 15 66 ± 16R 

30° 5 ± 5 7 ± 5 15 ± 8R 70 ± 6 55 ± 20 71 ± 16 

60° 6 ± 5 8 ± 4 15 ± 7R 76 ± 9S 55 ± 14 72 ± 10 

90° 4 ± 4 7 ± 5 10 ± 6R 71 ± 16 54 ± 16 72 ± 14 
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10.4 Results from Lateral Release in Primary Total Knee Arthroplasty 

Table 10.6 Laxity comparisons between native and cruciate-retaining implanted states 

  

Anterior / Posterior Tibial Load ± 90N (n = 9) 

Flexion 

Angle 

Anterior Translation / 

mm 

Posterior Translation / 

mm 

Anterior-Posterior 

Translation / mm 

Native CR TKA Native CR TKA Native CR TKA 

Full ext 5.4 ± 1.6 5.1 ± 1.4 7.7 ± 2.8 7.1 ± 2.1 13.1 ± 4.3 12.2 ± 3.2 

30° 8.6 ± 4.2 7.1 ± 2.1 9.4 ± 3.6 8.3 ± 3.5 18.1 ± 7.6 15.5 ± 5.3 

60° 8.9 ± 4.2 7.7 ± 3.3 6.4 ± 2.6 7.6 ± 3.1 15.3 ± 6.5 15.2 ± 6.2 

90° 7.3 ± 3.1 8.6 ± 4.4 6.5 ± 3.2 7.7 ± 3.3 13.8 ± 6.0 16.3 ± 7.1 

Internal / External Tibial Load ± 5Nm (n = 9) 

Flexion 

Angle 

Internal Rotation / ° External Rotation / ° Internal-External 

Rotation / ° 

Native CR TKA Native CR TKA Native CR TKA 

Full ext 8.6 ± 2.0 5.7 ± 3.4 12.3 ± 2.9 5.5 ± 1.8 20.9 ± 3.1 11.2 ± 4.3* 

30° 18.9 ± 2.4 8.8 ± 3.3 16.8 ± 4.3 7.0 ± 2.4 35.7 ± 4.7 15.8 ± 5.5* 

60° 16.9 ± 4.0 9.5 ± 3.2 19.0 ± 3.7 9.7 ± 2.6 35.8 ± 5.5 19.2 ± 5.4* 

90° 16.5 ± 3.3 10.4 ± 4.8 19.0 ± 4.1 11.7 ± 3.3 35.5 ± 4.0 22.1 ± 7.6* 
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Figures quoted are mean ± standard deviations. Full ext = full extension, CR TKA = cruciate-retaining total knee 

arthroplasty. *
 
indicates when the CR TKA was significantly less lax than the native state.    

 

 

  

Varus / Valgus Tibial Load ± 8Nm (n = 9) 

 

Varus Rotation / ° Valgus Rotation / ° Varus-Valgus Rotation / 

° 

Native CR TKA Native CR TKA Native CR TKA 

Full ext 2.4 ± 0.7 1.6 ± 1.1 2.6 ± 1.1 1.2 ± 0.6 5.0 ± 1.6 2.8 ± 1.5* 

30° 5.3 ± 2.1 1.8 ± 1.1 4.0 ± 1.4 2.6 ± 1.6 9.3 ± 3.1 4.4 ± 2.3* 

60° 6.0 ± 2.6 2.7 ± 1.4 4.6 ± 1.1 3.2 ± 2.3 10.6 ± 3.5 5.9 ± 3.5* 

90° 6.6 ± 2.2 3.6 ± 2.5 5.4 ± 1.4 2.8 ± 2.1 12.0 ± 3.1 6.4 ± 4.4* 
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Table 10.7 Lateral soft-tissue contributions to cruciate-retaining implanted knees 

  

Anterior / Posterior Tibial Load ± 90N (n = 9) 

Flex 

Angle 

Contribution to anterior / % Contribution to posterior / % 

ALS LCL Pop T PCL ALS LCL Pop T PCL 

Full 

ext 
8 ± 10 12 ± 12 9 ± 7 2 ± 1 1 ± 1 11 ± 9* 1 ± 1 4 ± 3 

30° 10 ± 13 14 ± 10* 5 ± 5 3 ± 3 2 ± 3 11 ± 15 8 ± 13 17 ± 21 

60° 14 ± 14 15 ± 12* 5 ± 10 5 ± 7 3 ± 4 11 ± 14 4 ± 8 36 ± 34* 

90° 10 ± 13 22 ± 13* 5 ± 5 4 ± 8 3 ± 4 15 ± 22 8 ± 11 50 ± 40* 

Internal / External Tibial Load ± 5Nm (n = 9) 

 

Contribution to internal / % Contribution to external / % 

ALS LCL Pop T PCL ALS LCL Pop T PCL 

Full 

ext 
18 ± 16* 26 ± 17* 19 ± 21 2 ± 3 6 ± 10 27 ± 17* 7 ± 5 2 ± 2 

30° 28 ± 24* 26 ± 19* 12 ± 19 4 ± 4 6 ± 8 32 ± 21* 15 ± 21 1 ± 2 

60° 32 ± 23* 24 ± 18* 8 ± 16 11 ± 14 7 ± 7 25 ± 19* 18 ± 21 6 ± 8 

90° 22 ± 19* 35 ± 17* 5 ± 10 18 ± 21 7 ± 7 22 ± 24 16 ± 18 10 ± 14 
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Figures quoted are mean ± standard deviations. ALS = anterolateral structures (including the iliotibial band, 

anterolateral ligament and capsule), LCL = lateral collateral ligament, Pop T = popliteus tendon, PCL = posterior 

cruciate ligament. *
 
indicates a statistically significant contribution greater than 10%.  

 

 

 

  

Varus / Valgus Tibial Load ± 8Nm (n = 9) 

 

Contribution to varus / % Contribution to valgus / % 

ALS LCL Pop T PCL ALS LCL Pop T PCL 

Full 

ext 
10 ± 9 47 ± 24* 18 ± 18 2 ± 2 3 ± 4 17 ± 19 5 ± 8 2 ± 2 

30° 7 ± 9 63 ± 12* 11 ± 14 1 ± 1 3 ± 5 18 ± 18 3 ± 2 2 ± 2 

60° 8 ± 6 60 ± 13* 8 ± 9 8 ± 10 4 ± 4 11 ± 12 2 ± 2 8 ± 10 

90° 4 ± 4 55 ± 19* 9 ± 11 15 ± 17 5 ± 4 4 ± 7 1 ±1 20 ± 22 
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10.5 Total soft-tissue contributions in cruciate-retaining implanted knees 

The following data was attained by comparing the data from 4 knees in Chapter 4 and 9 

knees in Chapter 7, all of which were implanted with a cruciate-retaining total knee 

replacement. The total contributions of the medial and lateral tissues (Med and Lat) and 

posterior cruciate ligament (PCL) were found by summing their total contributions. The 

compound standard deviations (SD) were calculated from the SD of the Med, Lat and PCL 

using the following formula: 

𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑆𝐷 =  √𝑆𝐷𝑀𝑒𝑑
2 + 𝑆𝐷𝐿𝑎𝑡

2 + 𝑆𝐷𝑃𝐶𝐿
2  

Furthermore, the flexion angles are stated as 0-15°, 30°, 60° and 90°; 0-15° signifying the 

difference in starting flexion angle positions between the two studies (see 8.2.2).  

Table 10.8 Soft-tissue contributions to cruciate-retaining implanted knees 

 

  

Anterior / Posterior Tibial Load ± 90N (n = 13) 

Flex 

Angle 

Contribution to anterior / % Contribution to posterior / % 

Medial 

(n=4) 

Lateral 

(n=9) 

PCL 

(n=9) 

Total 

(n=13) 

Medial 

(n=4) 

Lateral 

(n=9) 

PCL 

(n=9) 

Total 

(n=13) 

0-15° 35 ± 11 28 ± 10 2 ± 1 65 ± 15 17 ± 14 13 ± 9 4 ± 3 33 ± 17 

30° 34 ± 6 29 ± 9 3 ± 3 66 ± 11  22 ± 26 21 ± 13 17 ± 21 61 ± 36 

60° 38 ± 6 34 ± 13 5 ± 7 77 ± 16 25 ± 25 19 ± 13 36 ± 34 80 ± 45 

90° 36 ± 7 37 ± 12 4 ± 8 77 ± 16 22 ± 19 26 ± 19 50 ± 40 99 ± 48 
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Figures quoted are mean ± standard deviations. PCL = posterior cruciate ligament. 

  

Internal / External Tibial Load ± 5Nm (n = 13) 

 

Contribution to internal / % Contribution to external / % 

Medial 

(n=4) 

Lateral 

(n=9) 

PCL 

(n=9) 

Total 

(n=13) 

Medial 

(n=4) 

Lateral 

(n=9) 

PCL 

(n=9) 

Total 

(n=13) 

0-15° 38 ± 5 63 ± 17 2 ± 3 103 ± 18 54 ± 6 39 ± 12 2 ± 2 96 ± 14 

30° 43 ± 10 67 ± 18 4 ± 4 113 ± 21 53 ± 4 53 ± 14 1 ± 2 107 ± 15 

60° 35 ± 20 65 ± 15 11 ± 14 111 ± 29 51 ± 3 50 ± 11 6 ± 8 107 ± 14 

90° 29 ± 25 62 ± 13 18 ± 21 108 ± 35 51 ± 4 45 ± 18 10 ± 14 106 ± 23 

Varus / Valgus Tibial Load ± 8Nm (n = 13) 

 

Contribution to varus / % Contribution to valgus / % 

Medial 

(n=4) 

Lateral 

(n=9) 

PCL 

(n=9) 

Total 

(n=13) 

Medial 

(n=4) 

Lateral 

(n=9) 

PCL 

(n=9) 

Total 

(n=13) 

0-15° 14 ± 14 74 ± 22 2 ± 2 91 ± 26 79 ± 19 26 ± 22 2 ± 2 107 ± 29 

30° 20 ± 5 81 ± 15 1 ± 1 102 ± 16 76 ± 13 24 ± 20 2 ± 2 102 ± 23 

60° 14 ± 4 76 ± 17 8 ± 10 97 ± 20 70 ± 12 17 ± 12 8 ± 10 95 ± 20 

90° 5 ± 5 68 ± 16 15 ± 17 89 ± 24 63 ± 18 10 ± 8 20 ± 22 93 ± 30 



APPENDICES 

151 
 

10.6 Compliant tibial fixture for the robot 

There are two methods in which a robotic manipulator can interact with its environment: 

admittance control, in which forces exerted by user are measured and motion is fed back to 

the user; and impedance control, in which user motion input is measured, and the reaction 

force is fed back (Wen et al., 2007). The robotic testing system used in the experiments 

(TX90 manipulator and CS8C controller, Stäubli Ltd, Zürich, Switzerland) was an admittance 

control device which, if the robotic arm was moving in one axis direction and suddenly 

experienced a force which directly opposes this movement, could not reverse direction 

suddenly.  

In the experiments with the robot, a force was applied in one plane with other degrees of 

freedom minimised to produce a passive path of motion. If a large sudden spike in force was 

to occur which directly opposed the movement: 

 The sensing range of the load cell would have been exceeded, leading to saturation and thus 

giving misleading and potentially adverse feedback to the robotic arm. 

 Any excessive compressive load on the joint (in the +Y direction, Figure 10.1) could have led 

to breaking the specimen. 

In the natural knee, the cartilage/meniscus joint interface has enough inherent compliance 

which could dissipate a potential spike in force. However in an implanted knee, there is a 

hard-to-hard contact (metal femoral condyle and polythene tibial insert) which is rigidly 

cemented to the bone. Therefore a spike in force could have been very problematic for the 

specimen or the robotic system. 

A solution was therefore required to build in compliance into the aluminium tibial fixture. This 

was to ensure that under expected applied loads, the fixture was stiff enough to remain 

undeflected. However, if a large compressive joint force was to occur, the fixture would 

deflect and be able to dissipate the excessive force, thus protecting the knee specimen and 

the load cell.  

 Rubber bushes with threaded brass nuts 10.6.1

The aluminium tibial fixture used four rubber bushes with M8 diameter threaded brass 

inserts in a series configuration. The external rubber diameter was interference-fitted into 

17.80 mm diameter holes, and M8 screws were threaded through the brass insert to connect 

the parts of the aluminium fixture together. With the bushes orientated perpendicular to the 

long axis of the tibia, any excessive force in the +Y direction was expected to be dissipated 

by upward bending of the insert. 
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Figure 10.1 Illustration showing how the four rubber bushes fit into the tibial fixture, in 

the coronal view (left) and from above (right). The X, Y and Z axes are labelled.   

 

Figure 10.2 Rubber bush with M8 diameter threaded brass insert. 

http://www.dutyhook.eu/nut/rubber/m8x18x50-rubber-nut.html, accessed 18/12/2014  
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 Testing of fixture 10.6.2

An Instron 5565 materials testing machine (Instron, High Wycombe, UK) was used to apply 

a simulated force in the Y direction of the fixture. The deflection of the fixture was measured 

as the downward compressive extension of the Instron head on central point of fixture 

(Figure 10.3).  

The following compressive loads (each applied as three cycles) were applied: 

1. 20 – 50 N  

2. 20 – 220 N  

3. 0 – 400 N 

20 – 50 N was chosen to simulate what was expected as peak values in ‘normal testing 

conditions’ in the +Y direction. 20 – 220 N was chosen to simulate anomalous +Y readings 

that were seen in pilot robotic testing. 0 – 400 N was applied to test the limits of the fixture.  

 

 

Figure 10.3 The deflection of the fixture under a downwards 400N force from an 

Instron 5565 machine (High Wycombe, UK). 
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Figure 10.4 Load against deflection when the fixture was subjected to 20 – 220N (three 

cycles). 

The results of the three loading tests were as follows: 

1. The maximum deflection observed under 20 – 50 N was 0.06 mm, with a permanent 

deformation at the end of the cycles of 0.04 mm. Therefore it was assumed that the 

deformation of the fixture under ‘normal testing conditions’ would be negligible. 

2. The maximum deflection observed under 20 – 220 N was 2.85 mm, with a permanent 

deformation of 0.07 mm (Figure 10.4). Therefore under unexpected forces during testing, the 

fixture would comply to help dissipate forces but have negligible permanent deformation.   

3. The maximum deflection observed under 0 – 400 N was 8.22 mm, with a permanent 

deformation of 1.88 mm.  

It was decided that after testing every three specimens, or if a spike in force caused 

noticeable permanent deformation, the rubber bushes were discarded and replaced in the 

fixture. 
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