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Abstract 
Laxity assessments are done before, during, and after intervention of knee injuries 

to assess potential outcomes.  Study objectives were to create a method to define the 

passive kinematic limits, without artificially constraining coupled motion, and describe 

motion relative to them.  The coupled envelopes of internal/external (IE), varus/ valgus 

(VV), and anterior/ posterior (AP) motion and a neutral path were used to describe loaded 

lunges and a simulated walk cycle.  The envelopes were created by manual manipulation 

to motion limits.  Lunges with ±3.3 Nm IE torques and ±4.7 Nm VV torque were used to 

verify the IE-VV coupled kinematic envelope. The IE envelope compared well, while the 

VV envelope was constantly offset.  For six of the eight knees, a repeatable internal-

valgus-anterior path relative to the center of laxity was observed for the walk cycle. All 

eight displayed an average anterior displacement outside the boundary at mid-stance of 

4.3 ± 5.0mm. 
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1   Introduction 
Injuries that affect the knee are common in daily activities, athletic activities, and 

working conditions.  Knee injuries accounted for 543,000 emergency room visits in 2006 

in the United States[1]. Another study found that 50,000 knee injuries required surgical 

intervention [2].  Overall 40% of the acute knee injuries are ligamentous, and of those 

46% are anterior cruciate ligament (ACL) and 29% are medial collateral ligament (MCL) 

[3].  Further damage to the knee by injury or disease may warrant the need for a total 

knee arthroplasty (TKA).  Between 1990 and 2004 there were 4.1 million TKA’s and 8% 

of those were revisions [4].  Research and interventions have helped many improve there 

daily activity level.  However, with the increasing population and rising injury rates, a 

better understanding of diagnostic and intervention practices are a must. 

The function of the knee has been described as a biological transmission that 

accepts and transmits loads across the lower limb.  The muscles and soft tissues create 

and limit the motion in such a manner that enables locomotion [5]. The passive restraints 

of the knee are of importance in the role they play in transmitting ambulatory forces 

while maintaining a normal range of motion.  Typical clinical evaluations, such as the 

Lachmans test, drawer test, pivot shift, and others, will assess structure integrity by 

manipulating the knee to its passive kinematic limits of motion.  Understanding the role 

of the passive limits and the coupling nature of the structures working together during 

normal conditions are useful in determining diagnostic, functional parameters, and 

intervention outcome tools for those that are treating and researching the knees behavior.    

The soft tissue constrains have been shown to have both primary and secondary 

constraints thus creating coupled motion limits [6-10].    The ACL, for example, 
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primarily constrains the anterior motion and functions as an internal motion constraint.  

The MCL constrains external and anterior motion.  These two ligaments, along with 

others contribute to the anterior motion limits of the knee.  The passive envelope has been 

used to describe the function of these ligaments working in conjunction with one another 

[6].  The coupled motion constraint has been shown to be sensitive to experimental set up 

[11].    Therefore a method to determine kinematic limits without imposed external 

constriction is important. 

The objective of this research was to create a method to define the kinematic 

limits of the knee without artificially constricting coupled motion.  The defined kinematic 

limits are then used as a base measurement from which ambulatory activities can be 

compared.  The methods of this research will be used in future research of the 

Experimental Joint Biomechanical Research Lab in describing structure function and 

knee behavior.  Currently kinetic envelopes are being used to describe how the structures 

limit motion under loaded activities.  The outcome of these kinetic envelopes can be used 

in model validation.   

A review of literature identifies the uses, methods and definition of laxity 

assessment (Chapter 2).    Chapter three describes the experimental set up and uses of the 

boundary in identifying motion paths that are guided by the ligamentous constraint.  A 

discussion of the implications and future work conclude the description of the motion 

paths.  Finally in the appendix a more detailed description of the analysis are given so 

that the research started here can be continued and built upon as described in the 

concluding remarks.     
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2   Literature Review 
 

Investigation into the ligament passive function of the knee has led to many 

breakthroughs in rehabilitation, ligament repair, prosthetic design, and even exercise 

training and injury prevention.  It is the ligaments, articular geometry, in combination 

with external loading and muscular activation that guides the motion enabling 

ambulatory activates.  The complexities of these structures however, have led to 

many different avenues of investigation, depending, of course, on the expected 

outcome of the investigation.  Passive range of motion (PROM) continues to be a 

comparative assessment that many investigators use, in one form or another.  It is the 

passive constraint to motion that lays the foundation of understanding how the 

structures function and creates a point of reference readily realized in clinical 

applications.  No matter the approach to understanding the knee function, PROM 

assessment is a must.   

This review highlights different approaches in literature that are commonly 

used to describe knee function and its relationship to clinical application and passive 

assessments, as well as the methods of capturing the PROM measurements.  Finally 

the uses of PROM in defining laxity, envelope of motion, and coupled guiding 

motion is further defined as essential investigating activities in understanding knee 

function, within the scope of secondary constraint interactions.  This review is 

intended to enlighten the reader on the approach, method and use of PROM in 
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identify knee passive secondary constraint function and behavior to better equip 

researchers and clinicians incurrent and future practices.  

2.1 Passive Range of Motion – Envelope of Motion and Laxity 

The term passive range of motion can be applied to a broad range of 

investigations dealing with a measurement of joint motion.  PROM assessments are 

done routinely in clinical evaluations to determine gross limb motion limits, for the 

knee this is typically from full extension to a terminal flexion.  In literature there are 

those that present PROM as a laxity, envelope of motion, or simply coupled guided 

flexion extension paths.  The motion limit assessments include, internal-external (IE), 

varus-valgus (VV), anterior-posterior (AP), medial-lateral (ML), and compression-

distraction (CD relative to a flexion angle. There can be some misconceptions in 

interpreting the laxity, envelopes and motion paths as the same. Therefore it is 

important to differentiate between passive laxity, envelope of motion, and PROM 

literature. 

Passive knee laxity is the range between the maximum motion limits of the 

tibia in one degree of freedom (DoF) at a given flexion angle, as produced by the 

connective tissue upon minimal external loading conditions without any muscular or 

internal force activation.  As defined by Daniel and Stone, the flexion angle is critical 

as the displacement limits varies with flexion angle [12].  Laxity is an endpoint 

assessment in that the displacement between two limits (anterior and posterior, 

internal and external etc.) are used to identify the range of motion at a given flexion 

angle.  Typical assessments include the AP drawer exam, VV, and IE stress test [13, 
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14].  These assessments are typically the initial indication that the connective tissue 

has been compromised.  A compromised ligament has a reduced ability to constrain 

motion, thus increasing laxity in both the primary and secondary motion associated 

with that ligament.  The endpoint measurement is then represented as a single value at 

a given flexion angle. 

The envelope of motion on the other hand is a set of secondary tibia positional 

limits along the full flexion range, and the path associated with the motion limit.   The 

positions between internal and external throughout the full flexion range bounds the 

IE envelope of motion.  Blankevoort et al. describes the IE envelope of motion as a 

region of freedom-of-motion, where positions inside the region are less influenced by 

the knee stiffness and for positions outside the envelope the stiffness matters [11].  

Paths inside the envelope are highly influenced by external loading, while paths along 

the envelope are reproducible and coupled.  The pivot shift can be viewed as an 

envelope assessment as the knee is flexed while maintaining tissue limitation to an 

internal and valgus position.  A subluxation, or feel of an abnormal boundary limit, 

indicates a possible ACL injury as indicated by a different stiffness “feel” of the knee 

[15-17].  The International Knee Documentation Committee grades the “feel” as a 

“glide”, “clunk”, and “gross.”  Envelope boundaries tend to influence subjective 

assessment of function and can be more difficult to quantify, in that a larger range of 

motion is used to identify the motion limits.   

Nielsen et al. defined three envelopes of motion in the AP, IE, and VV 

directions, yet presented only the laxity as a function of flexion [6].   The intention of 
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the study was to identify the functional aspects of the ligaments and connective tissue.  

In doing so it was observed that continuity of the DOF is lost when presented in 

numerical terms of laxity or when the “maximum extent of movement is recorded 

regardless of the position of the knee joint in other aspects”.  Essentially there is lost 

coupling motion constraints of the ligaments when only observing one secondary 

motion limit.   Inference is made to the primary and secondary motion restraint of the 

connective tissue and the effect all tissue has in the coupling of all secondary motions 

restraint. Blankevoort’s envelope description only considered IE limits but suggested 

the other secondary motions limits were assessable [11].  The motion paths of the 

extreme internal and external pose of the knee were described for four knees and no 

noticeable correlation was found between the IE and VV coupled motion. 

Finally PROM has been represented as the passive flexion and extension path.  

The path of flexion is controlled by the ligaments and articular geometry, creating 

coupled secondary motion. Wilson et al. stated that a simple PROM or Freedom-of-

motion, (i.e. envelope of motion), does not show the extent of secondary coupled 

motion and found that as the knee is flexed there is a coupled motion between the 

primary and secondary motions [10].  A flexion extension path that is not influenced 

by external loads was shown to follow an IE path within 2°, with proper experimental 

set up.   The path exists inside the envelope of motion and is sensitive to experimental 

set up.  Also it must be noted that the experiment did not include the influence of the 

patella femur interaction. 
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It is clear from literature that ligaments and articular geometries of the knee 

create secondary coupled motion constraints in the flexion-extension path, as well as 

an envelope of motion that is typically described in terms of laxity as a function of 

flexion angle.  The coupling of all degrees of freedom is assumed in the study done 

by Nielsen and should be investigated further [6].  PROM assessments lead to better 

understanding of ligament function and create opportunity to improve existing 

clinical practices.  The link of PROM and other activities exerting higher internal and 

external forces has yet to be quantified.   

2.2  Methods in Assessing PROM 

Methods for assessing laxity and the envelope are similar and can include, but 

are not limited to, manual, instrumented manual, use of a loading rig or robotic 

manipulation.  Testing differs depending on in vivo or in vitro examinations; 

however, the methods are fairly similar.   

Simple manual manipulation would be the least sophisticated, yet easiest to 

reproduce in a clinical environment.  The tibia is maneuvered by the examiner with 

unknown forces to positions of structural restraint to further motion.   In some cases a 

comparison of “motion feel” to the contralateral knee is used to make any judgments 

on ligament function.   This method is quick and needs no special equipment to 

perform.  However, as previously mentioned, the forces and displacements are not 

quantifiable, and therefore subjective and vulnerable to false indications of damage.  

The measurement system is the examiner and the flexion angle of the knee is assumed 

apart from a local knee coordinate system.   
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To better define the axis of loading and the loads applied, cadaveric 

researchers manipulated knees with instrumented handlebars, something that could 

not easily be done in clinical environments [6].  With defined displacement and 

loading, knee stiffness and ligament function can be identified.  In many studies the 

manipulation of an intact knee would be compared to the ligament deficient knee.  

Still, the amount of force to manipulate the knee as to the extent the ligaments were 

restraining motion and accepting the manipulating forces was largely unknown.   

More refined loading and controlled measurements were needed. 

Loading rigs and fixtures manipulate the limb with controlled loads.  The 

displacements were also measured along or about the axis of loading [11, 18, 19].    

The benefit of the rigs are that the loads and the displacements satisfy the 

measurement system, initial joint position, motion constraints of the system, and 

applied forces; five of the six parameters outlined by Daniel and Stone [12].  In vitro 

muscular activation are simple to assume as marginal or null while in vivo studies 

muscular forces are difficult to quantify.   While loading rigs may seem to quantify 

joint laxity the best, clinical application have not been as easily recognized.  Most 

clinical laxity loading rigs examine the ACL function by measuring the anterior 

displacement at a given flexion, such as the KT-1000, while there are not many 

clinical rotational laxity devices [20-24].  As for all rigs, the motion constraint of the 

system can induce unwanted results [11, 25].  Therefore, caution should be used when 

using the displacement to describe ligament function.  However, without such loading 

rigs the laxity of the knee throughout flexion creating the envelope of motion would 
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not be so clearly identified.  The loading rig used by Blankevoort et al. was able to 

identify the loading necessary to manipulate the knee at the structural passive 

positional restraint [11].  A set of loading parameters and displacement outcomes 

resulted in an envelope of passive motion.  However, the apparatus was not suited for 

identifying the passive guiding function of the ligaments within the envelope is highly 

sensitive to external resistance or loading by the rig constraints.  Such a path can be 

considered the center motion path within the envelope. 

To identify the guiding function of the ligaments within the envelope, a 

method to measure the center path without introducing unwanted external loads must 

be created.  There have been two methods in determining the guiding function of the 

structures, and the motion path they create.  The first is a principal of minimization of 

energy at stepwise flexion angles [26].  This method uses computer controlled robotic 

arms to identify the position of the knee at flexion steps in which there are negligible 

resisting forces.  The other method uses an apparatus with negligible frictional force 

to guide the knee into flexion without constraining any secondary motion [10].  Both 

methods report to identify the guiding function of the structures and a point of 

reference to measure laxity displacements at a flexion angle.  The path created in 

these two experiments can be used describe the center motion path within the 

envelope from which any measurement of motion can be referenced.   

These methods have identified and supported laxity assessments as indicators 

of structure function.  The secondary motion in question is compared to databases of 

“normal” function, or to that of the contralateral knee.  Envelope measures take laxity 
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assessments further by identifying a full range of laxity and the boundary at which the 

knee motion is passively constrained by its structures.  Finally, identifying the 

guiding path, or center of envelope, creates a point of reference that other motion can 

be compared.  However, the coupled motion limits at the envelope boundary have not 

been clearly identified, though they have been suggested as an important component 

of an envelope assessment.  

2.3 Uses of the Envelope and Laxity in Model Validation 

As presented earlier, the uses for laxity data is primarily to identify structure 

anatomy and function or malfunction, in the case of damage or intervention.  The 

function the structures play in knee stability is largely unclear as stability infers 

neurological feedback to the mechanical and muscular structures of the knee.  

Stability is also rather subjective in the way a patient may express “instability” in a 

particular situation as climbing stairs or kneeling.   Though no link between stability 

and laxity has been made the idea of reproducing a “natural” range of passive motion 

is still desired.  In an attempt to bridge such a gap, and with the feasibility of 

computational efficiencies, models have been developed to predict knee kinematics 

under many loading configurations that have been validated against PROM 

examinations. 

A model needs the mechanical properties of the structure, insertion and origin 

location, cross-sectional area, and unloaded length of ligaments in order to correctly 

predict displacements due to loading conditions [27].   The passive envelope of 

motion gives positions in which the structures are not significantly strained.  Such 
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data sets of positions are used to optimize the structure parameters of ligament length, 

and insertion and origin sites for both model validation and surgical intervention [28, 

29].  Loading and positional data sets are then used in the validation of the model to 

experimental set ups.  Currently the envelope data sets have been limited to only one 

secondary motion, and have largely neglected interactions between the secondary 

motions.   

Given that the structures play a role in a primary and secondary constraint 

then the interactions between the secondary motions of the knee (IE-VV constraints at 

given flexion angles or AP-IE interactions) must also give indications to the 

anatomical and functional limits of the structures.  

The usefulness of creating these models is in an attempt to better predict 

patient outcome with knees that undergo surgical or rehabilitation intervention 

procedures.  Better models and individualized parameters have been used to validate 

models in an effort to bring these models to the surgical room for interoperative real 

time assessment of outcome.  Such models can be used in TKA and ACL 

reconstructions.  A PROM done by the physician, which, is currently practiced, 

would be used as the optimization kinematic motion solution to inter-operative 

individualized models.  The force required to reach the passive constraints are easily 

realized by manual manipulation.  Envelope data creates a fuller solution set to 

identify when the parameters of the intervention matches that of a normal or 

contralateral knee. 
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2.4 Experimental Joint Biomechanics Research Lab 
Equipment 

The equipment available in the Experimental Joint Research Lab (EJBRL) 

made it ideal to study the passive kinematic envelope and its relationship to dynamic 

activities.  Equipment necessary for the study of PROM include a device to measure 

kinematics, loading rigs to repeatable load the knee to its passive ranges, and 

equipment that will load the knee in some ambulatory activity such as walking.  All 

three of these pieces are bound in the EJBRL.  

Capturing motion using an Optotrak 3020 system (Northern Digital Inc., 

Ontario, Canada) with rigid bodies attached to the tibia, femur and patella, allow for 

less interference from mechanical means of capturing motion.  It has been shown that 

external fixation device across the knee can artificially constrain knee motion, which 

is undesirable for passive envelope testing. 

The Kansas quasi-static knee loading rig (QKR) is a simple device which uses 

dead weights to load the knee along anatomical coordinates [30].  The knee is flexed 

about its flexion axis with, or without, loads applied to the tibia.  A small load is 

placed on the patella to maintain a more natural motion patella-femoral kinematics. It 

has been shown that the patella-femoral kinematics affect tibia femoral motion, 

therefore the small load makes this machine better utilized.  The device is also set up 

to go into deep flexion and used to recreate clinical motion paths such as a pivot shift. 

  The Kansas knee simulator (KKS) is another powerful piece of equipment 

that can be used to create several dynamic loading conditions a knee experiences in a 

daily activity from walking to stairs or more dynamic athletic maneuvers [31].   The 
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loads are controlled by servo-hydraulic solenoid actuators.  Three actuators load the 

distal tibia; one in the medial-lateral horizontal plane, a second about the vertical axis, 

and a third acting as an ankle flexor.  The medial-lateral and vertical torque actuators 

are not loaded anatomically but reflect reaction forces seen in force plate data.  Two 

more actuators are placed at the hip. One is attached to the quadriceps tendon and the 

second simulates vertical weight at the hip.  A control system loads the knee 

recreating walking.  The KKS has been used to investigate ACL strain in cutting 

maneuvers, patella tracking during walk, and walking kinematics after TKA. 

This equipment make the EJBRL an excellent choice for studying low load 

kinematic constraints and more high dynamic activities without having cumbersome 

mechanical linkages measuring kinematics.  However, like any study involving 

cadaver tissue the set up and position of the knee in the equipment is essential.   
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3    Knee’s Motion Paths Relative to the Passive Coupled Kinematic Envelope 

3.1 Introduction  

Typically a passive range of motion (PROM) is used in the assessment of how 

a knee’s constraint structures function. The knee is typically manipulated by hand or 

some device to move the knee to its passive connective tissue restraint under minimal 

load. The resulting maximal rotation or displacement at a given flexion angle is 

presented as the knee’s laxity.  This technique has been used in clinical practices and 

experimental research to assess injury, ideally help predict likely surgical outcomes, 

and computational model verification [6, 24, 27, 32-36].  Though no connection 

between passive laxity and patient outcome has been made, there is still a desire to 

maintain or reproduce the natural passive laxity of the knee after an intervention such 

as a total knee arthroplasty (TKA), ligament reconstruction or some other tissue 

repair [37].   

Passive knee laxity, defined in this paper, is the limit of tibial motion relative 

to the femur, as produced by the ligaments and articular geometry upon minimal 

external loading conditions without any muscular or internal force activation.   These 

limits form a set of possible knee poses where the tissue constrains further motion.  

The boundary of these limits form, what this paper will call the passive kinematic 

envelope of motion.   Knee laxity is a complex quantification, in that there are six 

degrees of freedom (DoF) that are interdependent due to geometric and soft tissue 

constraints.  Typically the laxity is described as five independent degrees of freedom, 
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all as a function of flexion angle, internal-external (IE), varus-valgus (VV), anterior-

posterior (AP), medial-lateral (ML), and compression-distraction (CD).  An 

assessment that does not examine the interdependency of laxity could potentially 

limit the understanding of the total knee laxity and its role in other more complex 

motions such as walking, kneeling, turning, stairs, and athletic maneuvers to name a 

few.   

Consider a child’s paddle ball game as an analogy in understanding the 

passive kinematic boundaries of the knee.  The ball’s kinematic motion is limited by 

the elastic string and the geometry of the paddle and ball.  Likewise to the knee, the 

balls envelopes boundary changes under one of four conditions: an external force 

stretches the string, an internal force (elastic energy stored in the string) moves the 

ball to a reduced energy state, a deformation of the ball or paddle geometry or lastly 

some combination of the others.   With a minimization of internal and external forces 

(such as a defined passive condition) and an assumption of non-deformable geometry, 

the boundary limits define an initial condition of the elastic string and define the 

passive kinematic envelope.  The ball can be positioned at any distance the string 

allows from the connection to the paddle. The larger the volume of space the ball can 

be manipulated to without stretching the elastic band the more “lax” the system is.  It 

should be understood that the passive boundary can be exceeded without breaking the 

system as the elastic band simply stretches beyond a no no-load length.  The knee, 

being more complicated, includes positions and poses that are limited by the many 
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connective tissue not just one string as in the illustration.  Understanding the limits 

may form better understanding of the connective tissue function.   

To accommodate for the complexities of the PROM, Blankevoort et al. 

introduced the idea of a passive envelope of motion [11].   The envelope described 

was a single motion limit along or about an anatomical coordinate axis as defined by 

experimental set up.  The envelope was simply the maximum rotation or translation 

obtained by loads applied to the axis of interest.  Therefore, each DoF maximum 

displacement was observed.  This information gives insight to the maximum IE, VV, 

AP, and ML laxities as independent secondary motion limits to flexion. This 

technique has been widely used in the mapping of the passive envelope [22, 24, 38, 

39]; however, while the loading was along an anatomical direction, the resulting 

motion was more complex and coupled.  Other techniques mimic that of clinical 

evaluations in that the knee is manipulated by hand throughout the PROM.  By 

manipulating by hand there is not an experimental set up that interferes with the 

loading of the knee [11], though in some cases the method of measuring the 

displacement can interfere [22, 40-44]. Küpper et al. suggest that there needs to be a 

new method in describing the complexities of the lax knee [37].  

The passive end point positions of the knee are not only of interest but also the 

paths which the tissue and geometry guides the knee.  Wilson et al. identified that the 

connective tissue and articular geometry constrain the knee such that there are 

coupled motion [10].  This passive coupled motion path suggest a path that is within 

the boundary of the passive envelope to which Blankevoort found to be highly 
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influenced by external forces.  Such a path indicates the low energy path which the 

knee’s structures will guide the motion.  Therefore, Wilson et al. concluded that the 

structures of the knee are better defined by paths inside the envelope rather than the 

envelope itself.  However, it is believed that a combination of a coupled DoF 

envelope and a center measurement will give the best possible information pertaining 

to ligament function in guiding and constringing passive motion inside and along an 

envelope boundary. 

The objective of this study was to develop a new method of “mapping” the 

coupled passive envelope boundary and more complex motion paths (outside the 

passive envelope boundary), such as a simulated walk cycle, and passive coupled 

motion (on or inside the envelope boundary) relative to the boundary.  It is believed 

that these maps will give greater qualitative and quantitative clarity to the knee’s 

overall passive envelope and its relationship to daily motion activities.  A method is 

described in which the interdependencies of knee laxity are quantified by manually 

manipulating the knee to its passive motion constraints initial resistance to further 

motion.   

3.2 Material and Methods 

Eight fresh frozen cadaveric knees were used in this study (70.8 ± 12.1 yrs, 

BMI 24.7 ± 4.9) (Table 1).  A total of eleven knees were tested but only the eight 

were used in the analysis described below for reasons identified in the appendix of 

this document. The ages of the specimens reflect an older population that may receive 

a TKA or be in need of revisions [4].  The femur and tibia were cut 9” and 7” from 
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the epicondyler axis respectively and placed in fixtures using bone cement. Knees 

supplied from National Disease Research Interchange were supplied without any skin 

attached and therefore the major muscular tissue of the quadriceps, hamstrings, and 

gastrocnemius-soleus complex were dissected away leaving only the knee capsule. 

The other knees retained tissue approximately 5” on the femur and 3” on the tibia 

respective from the joint center line.  Because only a minimal amount of tissue 

crossed the knee complex it is believed the retained tissue does not play a role in the 

passively constraining the knee.  Tissue was thawed, dissected and imaged in the first 

day.  The study protocol was completed within 24 hours of thawing, ensuring no 

degradation to the range of motion tests due to loss of ligament mechanical properties 

[45].  

Motion was captured using an Optotrak 3020 system (Northern Digital Inc., 

Ontario, Canada) with rigid bodies attached to the tibia and femur and collected at 

120 Hz. Kinematics were described using a modified Grood and Suntay coordinate 

system as the hip center was not available [46].  Kinematic description was chosen 

due to the fact that it is rotationally independent.  

The dynamic activities consisted of a simulated walk cycle on the Kansas 

Knee Simulator (KKS) and loaded lunges in the Kansas Quasi-Static Knee Rig 

(QKR) [30, 31].  The simulated walk cycle was derived from the ISO standard wear 

simulator loads and modified to run at 0.1 Hz on the KKS [47].  All eight knees were 

placed in the KKS and the simulated walk cycle completed. A subset of four knees 

was placed in the QKR to load the knee along the anatomical axes. Only subsets of 
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knees were tested due to protocol changes with the test specimens. The loading of the 

knee in the QKR was such the femur flexed around the vertical tibia much like a 

lunge. Internal and external moments of 3.3 Nm were applied to the four knees and 

the joint was manually moved through the flexion range. Three of the four knees had 

varus and valgus moment of 4.7 Nm applied and the knees again moved through a 

full flexion range of motion. The loads were kept small so that the tissue constraints 

were just tensioned without significant deformation.   

The passive positional limits of the knee were reached by manual 

manipulation of the tibia with the femur attached to a grounding structure. The 

experimental manipulation consisted of moving the tibia throughout the flexion range 

while maintaining some sort of tissue resistant specifically the IE, VV, and AP 

motion limit. Three methods of manipulation were used.  The first consisted of 

positioning the tibia to an external limit in full extension and then maintaining a 

consistent taught feel into full flexion and back into extension.  The same was done in 

that internal, varus and valgus limits. Then combinations of the limits were used and 

the knee flexed and extended.  The second method consisted of holding the tibia at a 

flexion angle and then manipulating in combinations of rotation limits as well as 

anterior and posterior limits.  Finally the knee was manipulated randomly to 

combined motion limits.  All manipulation was done by one researcher for 

consistency and in order to not introduce intraoperator error.  A comparison of the 

hand manipulation to the QKR lunges was done to verify the envelope boundary. 
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The result of the manipulations were a series of five DoF data points 

representing knee positions described as a function of flexion angle .  One specimen 

(NK06L) was used to illustrate analysis process.  Two DoF were analyzed separately 

thus the interdependencies of IE-VV, IE-AP, VV-AP contribution to motion 

constraint were investigated as a function of flexion angle.  It should be noted that the 

IE-VV and IE-AP envelopes are not identical in that one contains the coupling limits 

with the VV limits and the other with the AP limits (Fig. 1 - Fig 3).  The ML and CD 

were not analyzed in this paper.  The data was then grouped based on ± 1° flexion 

taken at every 2° (e.g. 1° to 3°, 3° to 5° all the way to full flexion 139° to 141°).  For 

each flexion step an initial closed boundary polygon encircled the coupled motion 

limits.  The polygon represents the bounded interdependencies of the two DoF at a 

given flexion angle, much like contour lines on a topographical map indicate similar 

surface elevations.  For illustration purposes, the envelopes’ flexion step was 

arranged so that all three coupled envelopes can be viewed, with the initial and finial 

wrapping shown for one specimen (Fig. 4- Fig. 6).  A wrapping of each flexion step 

was completed for a flexion range of 0°, full extension, to 140° terminal flexion.  

After the completion of each flexion step polygon, the series of polygons were 

stacked, much like imaging slices, and smoothed, to interpolate regions that may have 

missing data points or regions that the interdependencies were not realized in the 

manipulation.  A representative specimen IE-VV coupled envelope was given to 

illustrate the laxity regions and the final smoothed boundary, along with typical 

represented single DoF envelopes (Fig. 7). Such as a position of the internal and 
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valgus or external and varus limit.  The final smoothed polygons are then considered 

the coupled passive kinematic envelope.  A final smoothed envelope is depicted with 

several activities on and around the boundary in order to visually appreciate the 

coupling components of the passive constraints and their effect on other activities.  

For this specimen in the figure all loading conditions and trials are represented in the 

IE-VV envelope (Fig. 8).  

With the boundary determined, a center of laxity was chosen such that 

activities may be measured consistently from any pose.  The measurement point must 

be inside the envelope, therefore the geometric center of each polygon was used to 

determine the center of passive motion.  It must be noted that this center measurement 

was not a guided flexion path but rather a point of reference.  Any repeatable center 

path, given it exists inside the passive envelope could be used as a reference 

measurement.   Within the envelope all interactions are assumed possible in that a 

minimal amount of force was required to change positions [10, 11], thus the center of 

interdependencies seemed a good reference path.  The polygons were then broken 

into quadrants of laxity regions.  The quadrants indicate a region of laxity as a 

function of two ranges of motion; therefore the anterior-external or internal-valgus 

laxity regions can be used to further define knee laxity.   

Laxity results were expressed as a percentage of the full range of the 

combined interactions.  The percentage is taken from equation (1), 
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where the normalized laxity area is equal to the combined interdependent laxity area, 

divided by the maximum displacement area of the independent laxity of each DoF.  

An illustration of this calculation for a sample specimen at 60°of flexion is shown 

below (Fig. 9).  The result was that the interdependencies will only be a fraction of 

the laxities that are normally presented as independent.  Functionally this 

measurement indicates how potentially overestimated independent laxities can be 

when the coupling boundaries are neglected.   

A method was then developed to express the relationship of an activity, such 

as walking, relative to the passive envelope.  The angle and magnitude displacements 

from the center to the edge of the envelope indicate the laxity region the activity 

occupies and whether the activity was within, along the edge, or outside the passive 

boundary. The angle calculated is between the positive axis of the first DoF and 

activity as measured from the center of the envelope.  The displacement magnitudes 

from the envelope are presented as the difference from the intersection of the line 

between the center and the activity and the envelope boundary (Fig. 10).  It should be 

noted that a negative displacement is internal of the envelope while a positive 

displacement is outside the envelope.   

The results of the QKR laxity limits are compared to that of the hand 

manipulation as both IE envelope and laxity range of motion.  The root square mean 

(RMS), RMS error and correlation coefficient were used to assess the closeness of the 

manual manipulation to the QKR lunges.  The QKR lunges were also measured as 

magnitude and direction from the coupled envelope boundary.  Because of the small 
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number of specimen for the lunges only ranges are presented.  For the walk cycles the 

average displacement and standard deviation from the envelope are presented.  The 

coupled motion paths for all activities are presented as single specimen.   

3.3 Results 

3.3.1  Comparison of QKR and Hand Manipulation 
Before referencing the coupled boundary it was necessary to ensure that the 

boundary of the hand manipulation reached established limits found in literature.  

Because there was no target loading of the ligament structures, and the author relied 

on feel of an endpoint, which was believed to be the toe regions of ligament strain, it 

was only natural to compare to traditional methods of establishing envelope 

boundaries.  The hand manipulation envelope was compared to the 3.3 Nm internal 

and external loaded lunge envelope as well as the 4.7 Nm valgus and varus loaded 

lunge envelope.  The positive paths represent the external and valgus respectively and 

the more negative paths represent the internal and varus paths as a function of flexion 

angle (Fig. 11 and Fig. 12).  Only the flexion envelope is shown for the QKR lunges 

as the flexion and extension paths were similar.  The two methods were compared by 

taking the root mean squared (RMS) of the internal, external, varus, and valgus limits 

in relation to the hand manipulation.  The normalized RMS value indicates the error 

associated with any offset.  A correlation of the paths were measured and statistical 

significance (p<.05) identified.    

The hand manipulation and the lunges followed similar paths into flexion.  

The IE envelopes were clearly captured by hand with the largest RMS between 0.75° 
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and 3.4°, and an error between 0.21° and 0.68° (Table 2).  This indicated that only a 

small offset of less than 3.4° was seen between the two methods, and that was mostly 

on NK05L near full extension (Fig. 11).  As indicated in literature such a small load is 

easily realized by manual manipulation [11].  Of all the knees NK06L had the highest 

correlation coefficient of 0.97, 0.99, 0.97, and 0.99 for the external, internal, varus, 

and valgus motion limits respectively.  Such high correlation suggests that the RMS 

observed was simply an offset between the two techniques.  Ideally the manual 

manipulation would yield a high correlation coefficient and a low RMS.  

The VV comparison, however, was not as close as the IE envelope 

comparisons.  The VV limits achieved in the hand manipulation and QKR both 

follow similar paths with a consistently appearing offset for the valgus loaded knee in 

each specimen and both boundaries had similar shapes into flexion (Fig. 12).  The 

RMS of the varus and valgus envelopes were between 1.5° and 3.6° with an error 

about twice as large as the IE error (Table 2Error! Reference source not found.).  

The larger error indicated that the QKR and the hand data did not fully match, yet 

from the figures one could conclude either that the 4.7 Nm moments were too large 

resulting in more deformation of the ligaments than intended, the hand manipulations 

were not enough to reach the believed toe region of the ligament constraint, or both.  

However, the consistency of the paths suggested the first or second scenario would be 

plausible, otherwise the paths of the two would cross and the error would be higher. 

The laxities for the hand manipulation were consistently below the QKR 

results, as expected.  The overall laxity of the knee joint was calculated by using the 
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difference between the two motion path IE and VV limits.  The IE laxity shape of the 

four specimen appeared similar, in that there was an increase of laxity from extension 

to about 30° of flexion, where there was then a plateau, of sorts, or a more gradual 

increase of laxity to about 100°of flexion, followed by a decline on into deep flexion 

past 110° (Fig. 13).   Specimen NK05L, however, displayed less laxity in mid flexion 

as compared to extended and deep flexion regions.  The shape of the hand 

manipulation laxity followed a similar path into flexion, reflecting smaller laxity of at 

most 5° for NK03R around 25° of flexion.  However, it was observed that NK02R 

hand manipulation and IE lunges both created laxity regions that were relatively 

identical, as the RMS was less than 1° for both the internal and external lunge and 

therefore the laxity was be expected to have the same characteristics of being closely 

aligned.     

The laxity of the VV rotation comparisons were similar to that of the IE laxity 

in that the hand manipulation laxity was offset from the QKR laxity, but created 

similar laxity patterns into flexion for all three specimens (Fig. 14).   The offset was 

expected due to the greater envelope created by the QKR.  However, a similar offset 

for each specimen again seemed to indicate that either the load was too great resulting 

in greater deformation of the ligaments or that the hand manipulation failed to reach 

the toe region of the ligament constraints.   

There were no comparisons of the AP envelope and laxities of the QKR trials 

to the hand manipulation because the AP DoF was not loaded during the test.  

However, the average and standard deviation of the hand manipulated AP laxity was 
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calculated along with the IE and VV laxities for all specimens (Fig. 15).   There was 

an increase in laxity from full extension to 20° of flexion for IE and AP laxity, then 

the laxity remained relatively constant till deep flexion, where there was an observed 

reduction of laxity.  The VV laxity increased in flexion and had greater deviations 

between knees into deeper flexion. The average laxity of all hand manipulation and 

range for the QKR laxities are given for selected flexion angles.   As typically 

observed, the joint was less lax in full extension, 15.1° ±9.9° IE, 4.6° ± 1.0° VV and 

2.7mm ± 1.9mm AP. There was an increase in laxity from 0°flexion to about 20° 

flexion of 32.6° ± 4.7° IE and 4.4mm ± 2.6mm AP. Finally in deep flexion, there was 

a decrease in IE laxity from 29.7°± 12.8° at 120° to 16.0°±16.2° at 140° flexion. 

There was a small increase of VV laxity from full extension to 140° flexion.  The 

laxities observed in this study compared well to other studies, however a direct 

correlation can not be made due to the difference in measuring systems (Table 3).  

3.3.2  Interdependent Measures 
Each interdependent laxity DoF was analyzed at flexion steps from 0°to 140° 

of flexion as defined by the anatomical coordinate frame.  As presented earlier, each 

interaction boundary was found along with a center reference point.  The reference 

point introduced a measurement of laxity regions, that until now, had not been 

characterized.  The shape of the coupled boundary was of interest throughout the 

flexion range, as it indicated the interdependent contribution to laxity.  The flexion 

steps laxity interdependencies were plotted along the flexion cycle and the assembly 

of the steps was shown in an isometric view of the three DoF envelope (Fig. 7 a-j).  
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Figure 7 illustrated the full interdependencies of the IE and VV laxities.  The 

projections of typical one DoF envelopes were also shown.   Qualitative results 

included the proximity of the valgus and internal boundary poses.   

Each knee exhibited different laxity interactions.  The averages (± standard 

deviation) for the normalized area were presented along with each individual 

specimen normalized laxity interaction.  The reason for this was to show the great 

variability between knees when analyzed in this method and to illustrate the 

uniqueness of the coupled envelope.  Determined individual coupled laxity 

parameters have the potential in characterizing the interaction of the ligaments in 

constraining knee motion.   For instance, while most knees increased in IE-VV laxity 

gradually from full extension to about 30° of flexion and then plateau, there were two 

knees that rapidly increased from extension and reached its maximum interdependent 

laxity at less than 20° of flexion (Fig. 16 a).  Some other knees can be characterized 

by slow gradual increasing laxity from 0° flexion all the way to terminal flexion.  

Similar trends were observed for the IE-AP and VV-AP laxities with one exception.  

There appeared to be a slight decrease in laxities when coupled with the AP DoF at 

mid flexion (Fig. 16 b-c).  Such a decrease was of interest in that the constraints were 

acting together to create such a pattern. 

3.3.4 QKR Lunges 
The motion paths for all the knees were represented separately as flexion and 

extension paths relative to the region of laxity.  The vertical axis was divided into 

laxity interdependent regions reflecting the IE-VV, VV-AP, and IE-AP coupled 
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envelopes as a function of flexion angle (Fig. 17-Fig. 19).  The three knees motion 

paths created by the 4.7 Nm varus loaded lunge resulted in a flexion-extension path 

that followed a varus-external-neutral AP position at full extension and then followed 

a neutral AP-varus path in mid flexion and returned to a varus-external pose around 

110° until a final neutral IE and AP varus pose in deep flexion.  The 4.7 Nm valgus 

loaded knees followed a path valgus and internal of the center of the IE-VV kinematic 

envelope, valgus-anterior when compared to the IE-AP and valgus-anterior compared 

the VV-AP.  The three knees started valgus-anterior-internal in extension and went to 

a more internal-valgus neutral AP pose at about 40° and stayed in that pose on into 

deep flexion.   The 3.3 Nm internally loaded lunge was held at an internal neutral AP 

position throughout the flexion extension cycle. The 3.3 Nm externally loaded knee 

started external-valgus-anterior and moved to a more external-valgus-posterior 

position into flexion when compared to the IE-VV, VV-AP and IE-AP envelopes. 

Not all coupled paths however were so clearly defined.  When the varus 

loaded knee was compared to the out of plane IE-AP envelope there was no clear 

motion path between the knees although the flexion extension path was similar with 

few exceptions (Fig. 18 a).  One exception was the different more posterior path one 

knee took back into extension.  As for the internally loaded lunge compared to the 

VV-AP, again no reasonable path was noticed as consistent, though the flexion 

extension paths were similar for each individual knee (Fig. 18 b).   

The unloaded lunges did not follow consistent paths between the knees.   This 

was expected as similar studies had found that motion paths inside the envelope 
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boundary were highly sensitive to any external forces that may be present across the 

knee joint [10, 11].  The motion paths were presented but there are no comments 

about the individual motion paths (Fig. 19). 

Each displacement relative to the envelope was placed in a matrix form, 

where the first plot row was the IE DoF; second, the VV DoF; and third, AP DoF.  

The plot columns were denoted in the same fashion starting with the IE followed by 

the VV and AP DoF.  A plot representing the DoF displacement relative to the 

combined DoF envelope was placed at the intersections of the row and columns.  

Because of the small sample size, each knee is represented.  The displacement ranges 

for all knees in the activity were shown by the shaded region. Both the flexion and 

extension cycle were represented (Fig. 20 - Fig. 24).   

The 3.3 Nm externally loaded knees would be expected to follow a path 

relatively close to the boundary no matter the reference envelope of measurement. 

The IE displacement for two of the four knees were near 5° to 10° external to the 

IE-VV and IE-AP respective envelopes in extension but quickly moved to a position 

closer to the boundary as the knee flexed past 50° (Fig. 20 a-c). The other two knees 

remained close to the boundary.  The VV displacement was observed to be close to 

the boundary when compared to the IE-VV envelope for all knees, which was to be 

expected, given that the motion path was a pure external rotation relative to the center 

when compared to the same envelope (Fig. 17 a and Fig. 20d-f).  Compared to the 

VV and VV-AP envelope the displacement was within the respective envelope but 

showed a more valgus position from the center when compared to the motion paths 
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(Fig. 17b-c and Fig. 20 e-f).  Finally the AP displacement could be clearly seen as an 

anterior displacement relative to the IE-AP, VV-AP and AP envelope for two of the 

knees near full 10° of flexion and then moves toward the laxity boundary but 

remained anterior as shown by the motion path (Fig. 17b-c and Fig. 20g-i).   

The 3.3 Nm internally loaded lunge again was expected to follow a path with 

a zero displacement from any of the envelopes of reference.  Like the externally 

loaded lunge, the internally loaded lunge IE displacement magnitude was no more 

than 5° away from any reference envelope throughout the flexion cycle for all four 

knees (Fig. 21a-c).  The one knee that displayed a large displacement near terminal 

flexion could have been caused by a lack of good boundary definition at terminal 

flexion.  The offset displacement, however, was consistent with the 2.4 RMS value 

for NK05L presented earlier (Table 2).  The VV displacement of NK06L revealed a 

move away from the boundary of less than 2° valgus displacement, with respect to all 

three envelopes at approximately 70°of flexion (Fig. 17b and Fig. 21d-f). The other 

knees remained valgus but mostly inside the envelopes.  Finally, the AP displacement 

showed motion that was observed to be anterior but inside the envelopes for all knees 

throughout the flexion range, with exception to one knee (Fig. 21 g-i).  One knee 

however, moved to a more anterior position outside each respective envelope in 

deeper flexion.  Interestingly, the same knee was found to have the opposite trend for 

the externally loaded lunge where it followed an anterior displacement in extension 

and then more neutral past 50° flexion.  
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The varus loaded knee was expected to follow a path with no VV 

displacement from the boundary. However, as mentioned earlier the varus and valgus 

loaded lunges produced envelope boundaries larger than the manual manipulation and 

therefore, some offset for each knee was expected.  Each knee followed a 

displacement of about 1.75° to about 3° of varus position relative to each envelope 

(Fig. 22 d-f).  NK05L displayed the largest variation and was consistent to the 2.57° 

RMS value presented earlier (Table 2).  The AP displacement was not conclusive, 

one knee was observed to be outside and anterior of the VV-AP envelope, while 

compared to the other envelopes, that same knee followed paths inside the envelopes 

boundary (Fig. 22 g-i).  The large variation in the IE displacement relative to the 

IE-AP envelope was found to be consistent to the motion paths presented earlier. 

Measurements of activities that were loaded out of plane from the reference envelope, 

displayed motion paths that were more erratic.  However, it should be noted that the 

motion was found to be internal of the envelope and followed similar flexion and 

extension paths (Fig. 22 c).  

The valgus loaded lunge was observed to follow similar displacements no 

matter the reference envelope.  The knees started near the internal and valgus position 

relative to the envelope and moved to a more internal displacement when compared 

to the IE-VV and IE-AP envelopes, but appeared to remain internal to the single DoF 

IE envelope (Fig. 17 a, c and Fig. 23a-c).  The VV displacements followed a similar 

pattern as the varus loaded knees, revealing a consistent offset as presented earlier 

(Fig. 23d-f).  NK06L displayed the greatest displacement no matter the reference 
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envelope consistent with the 3.66° RMS and 1.22° error (Table 2).  The AP 

displacement revealed that all three knees were mostly outside and anterior when 

compared to the coupled envelopes (Fig. 23 g-h). But when compared to the single 

DoF AP envelope one knee appeared to remain inside the AP limits (Fig. 23 i).   

Finally, the unloaded lunge displacements were expected to reveal that all 

knees remained inside or on the boundary with respect to the IE and VV single DoF 

and coupled envelopes.  With few exceptions this was found to be the case (fig. 

24 a-f). The AP displacement revealed that the knees were inside and were anterior or 

posterior of the envelopes as each knee took different flexion and extension motion 

paths (Fig. 19). 

 

3.3.3  Walk Cycle Relative to Coupled Envelopes 
Motion paths were typically represented by individual kinematics.  By 

observing two DoF the coupling effect of the paths were more clearly understood and, 

therefore, a comment on the constraints of the knee could be made. The coupling 

paths were denoted by the region of laxity it was in throughout the cycle and was 

represented here on the vertical axis as combinations of the laxity regions.  The 

walking activity was primarily in the internal position throughout the cycle for six of 

the eight knees when compared to the IE-VV and IE-AP coupled envelopes (Fig. 

25 a-c).  During the stance phase the knees followed an anterior-valgus pose and 

moved to a more valgus and neutral AP poses at the beginning of the swing phase 
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(Fig. 25 b).  The unique paths depicted the constraining function of the knee, which 

created repeatable motion paths.  

The displacements of the walk cycle were shown relative to the coupled 

envelopes and the single DoF envelopes.  A positive displacement was outside the 

envelope and a negative was inside the envelope.  All knee displacements were 

averaged and represented with given standard deviations (Fig. 26- Fig. 28). The IE 

displacement of the walk cycle relative to the IE-VV envelope at mid-stance (MS), 

terminal-stance (TS), initial swing (IS) and terminal swing (TW) were 0.4 ± 0.7°, 

-1.7 ± 0.7°, 0.8 ± 0.8° , and -0.3 ± 0.5° respectively (table 4).  At TS the IE 

displacement was furthest inside the coupled IE-VV envelope and in IS the IE 

displacement is furthest from the IE-VV envelope.  For the two knees that followed a 

more external path relative to the center, the displacements should be read as external 

from the boundary while the other six were internally posed and displaced from the 

boundary.   

The VV displacement with respective to the IE-VV envelope remained, on 

average, close to the envelope boundary for all knees throughout the walk cycle. 

While with respect to the VV-AP envelope there was a more valgus and anterior 

displacement on average for all the knees as can be observed from the motion path 

(Fig. 25).  Interestingly, however, when the displacement was measured relative to 

the single DoF axis the knee appeared to be on average well within the passive laxity 

regions (Fig. 27). 
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Finally the average AP displacement seemed to be in agreement no matter the 

reference envelope.  However, the deviation of the measurements varied greatly 

depending on the measurement reference envelope.  The displacements were in 

agreement yet the IE-AP envelope displays greater measurement variances between 

the knees.  The AP displacement magnitude of the knee relative to the VV-AP 

envelope was 4.1 ± 1.4mm AP at MS and -0.5 ± 0.7mm AP at IS.   

3.4 Discussion  

The typical method of representing knee laxity includes only the primary 

motion restraint but neglects the secondary constraints the kinematic envelope 

captures. The IE-VV, IE-AP and VV-AP kinematic envelope boundaries shown in 

this work present a more complete description of IE, VV and AP motion limits 

created by the primary and secondary constraints of the connective tissue, by 

describing kinematic motion relative to a neutral position and the coupled secondary 

motion limits. 

The motion of the knee during gait relative to the laxity limits appeared to be 

limited by anterior constraints, as indicated by the agreement with respect to all 

envelopes.  It was the method of measuring the displacement relative to a center and 

boundary which influenced the anterior displacement variations when compared to 

the three envelopes’ displacement measurement.  The measurements used in this 

study may be the reason for such variations. The anterior DoF influenced the outcome 

more greatly than the others given that the IE-AP variations were found to be larger 
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than the IE-VV.    Though this can be the case it was still evident that the method 

described here was able to capture the coupling effect of the constraints. 

There were inherent limitations to the methods described in this paper. One of 

particular interest was that the limits of motion were obtained by manual 

manipulation without any force feedback thus the “endpoint” was subjective to the 

feel of the researcher.  However, it has been shown that passive limits are easily 

realized by hand manipulation [6, 11, 29].  The loaded lunges also suggest that good 

endpoints were achieved.  All four knees that had IE loads followed a path that was 

relatively on the IE-VV boundary, between 5° to 130° of flexion, therefore the 

manual manipulation of the IE extremes were captured.  The VV loaded knees 

followed paths that were as much as 4.6° varus and 3.1° valgus in deep flexion from 

the laxity boundary.  This could be due to either not reaching the true VV limits of the 

passive knee or that the loads of the lunge were too large.  Because of the consistency 

in the pose of the varus and valgus loaded knee between 10° to 130°, it can be that the 

load was too high.  Therefore, the author decided to use hand manipulation to 

generate the multidimensional representation of knee laxity.  

Hand manipulation also only defines the kinematic envelope which is then 

compared to a known loaded path.  As different loads are placed on the knee the 

envelope shape will change due to the soft tissue viscoelastic properties.  The 

kinematic envelope described here is thought to be the toe region of the viscoelastic 

properties, thus the goal was to make the ligaments just taught enough to resist further 

motion [27].  These poses, however, do not reflect the loads required to draw the 
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ligaments to the beginnings of being taught, though it has been shown that passive 

limits are easily realized by manual manipulation [11, 32, 48].   When loads move the 

knee beyond the passive limits and thus beyond the envelopes the structures could be 

assumed to be in more of the linear region of elasticity but not to a point of failure.  A 

perfect addition to a study similar to this would be to find the failure envelope 

boundary, such as a cutting maneuver or some other coupled impact loading to 

structure failure.    

The method used to surround the kinematic boundary limited the laxity 

representation to two DoF interactions, which is just one more DoF than the common 

method of describing the laxity.  A method that can find all interdependent laxity 

limits would provide a better map of the regions of laxity and a comparison of the 

envelope to dynamic activities such as walking and out of plane loaded lunges.    

Again this would need to be introduced with a new metric and validation to accepted 

boundary descriptions. 

The center measurement of the interdependent centriod was chosen due to the 

consistency between knees and simplicity to duplicate.  The two conditions necessary 

for the center path are: one, the path must be contained within or on the boundary of 

any laxity limit [11], and two, the path must be reasonably repeatable in flexion and 

extension [10].  The centriod satisfied these conditions; however, a natural motion 

path that is repeatable within some hysteresis range would be preferable.  One could 

also determine if robotic manipulation of a path of minimized energy would lay 

within the kinematic envelope [38].  The unloaded lunges in the QKR were found to 
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not have consistent flexion and extension paths and were anterior of the IE-AP and 

VV-AP envelopes and therefore did not satisfy the above conditions.  This could be 

due to the equipment or a failure to fully define the AP boundaries.   

Despite the limitations of this current study it is evident that there are coupled 

secondary motion boundaries and motion paths will follow the coupled boundary, 

while being within the single envelope.  The method of presenting the path as a 

magnitude and direction better illustrates the relationship of the path to the laxity 

regions.  Others have identified passive motion paths, but not the couple envelope 

boundaries [10, 11, 49, 50].  Nor has there been a comparison to other tasks.  

The coupled motion envelope interdependency itself is understood, and now 

has been identified.  It has been shown that the posterior translation of the knee is 

greatest without internal rotations [51].  Mapping the IE-AP interdependencies better 

reflects this condition for the most anterior position of the knee is with valgus and 

internal while the most posterior is achieved with neutral or external rotations (Fig. 

6).  The same mapping explains why the pivot shift occurs with internal and valgus 

rotations as such rotations places the knee in a more anterior position.  

This method can be used to indicate how the passive envelope of motion 

changes with altered tissue conditions, such as with a ruptured cruciate ligament or 

surgical intervention. The repaired condition can be compared to the natural, 

indicating how well the intervention restored the passive envelope constraints. 

Computational models use boundary conditions to set up knee parameters. A more 

complete envelope will aid in the model’s validation. Simply viewing laxity data as 
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interactions of the knee’s degrees of freedom gives insight into the true laxity and can 

map points of interest such as the valgus-internally rotated knee during a pivot shift 

exam. Other applications will be to quantify other dynamic activities within the 

envelope of passive motion and the locations to which the activity cross a boundary 

thus straining the connective tissue beyond the passive constraint.  
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3.5 Tables and Figures  

Table 1 Specimen vital information. Not all knees were used in the analysis as NK01R, NK04R, 
and DP09L were excluded from the analysis (see appendix).  Height and weight for NK02R were 
unknown 

Knee 
Name Age sex Height 

(in) 
Weight 

(lbs) BMI 

NK01R 64 F 66 97 15.7
NK02R 83 F    
NK03R 77 M 70 220 31.6
NK04R 78 F 65 130 21.6
NK05L 68 M 71 195 27.2
NK06L 55 F 67 160 25.1
DP06R 76 M 75 165 20.6
DP08R 55 M 77 168 19.9
DP09L 51 F 66 145 23.4
DP10R 67 M 70 210 30.1
DRC02L 64 M 71 190 26.5
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Table 2 RMS, RMS error, and correlation coefficient of the hand manipulation as 
compared to the loaded lunges (* p<.005).  There were no values for shaded regions. 
 
Table 3 Comparisons of different techniques in measured laxity.  QKR ranges were for IE laxity 
(n=4) and VV laxity (n=3).  Hand manipulation was the mean (± standard deviation) for the IE, 
VV and AP laxities (n=8). * Approximations from literature  [6,52]. 
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Table 4 The mean (±standard deviation) of the activity relative to the laxity 
boundary.  The displacement of the activity relative to a coupled kinematic envelope 
is noted by the kinematic DoF magnitude from the boundary relative to the IE-VV 
(ievv), IE-AP (ieap), VV-AP (vvap), IE (ie), VV (vv) or AP (ap) boundary.   The light 
grey boxes indicate activities in which the loading was about the DoF under 
investigation relative to the boundaries that included that DoF kinematic envelope.  
The darker grey is the coupled displacements of the IE and VV squats relative its 
coupled envelope.   Positive is external to the boundary and negative internal to the 
boundary. The larger the negative displacement the closer the pose is to the center of 
the kinematic envelope. 
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Fig. 1 Experimental manual manipulation of specimen NK06L IE and VV coupled interactions.   

 
Fig. 2 Experimental manual manipulation of specimen NK06L IE and AP coupled interactions. 
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Fig 3 Experimental manual manipulation of specimen NK06L VV and AP coupled interactions. 
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Fig. 4 Initial scatter plot on NK06L experimental data at 20°knee flexion for all envelopes. 
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Fig. 5 Initial wrapping of the scattered data for NK06L experimental data at 20°knee flexion for 
all envelopes.
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Fig. 6  a-d. Final IE-VV, IE-AP, and VV-AP coupled kinematic envelope of NK06L at 20° 
flexion.  The shaded regions were the laxity quadrants after smoothing.  The black dots were the 
original experimental poses at 20° ± 1°of flexion.  The VV-AP interdependency region (a), IE-VV 
interdependency (b) and the IE-AP interdependency (c) each had the final laxity regions shaded. 
An isometric view for the three envelopes together was shown in (d).  The axes were in real units 
of tibial position relative to the anatomical coordinate frame of the femur.  As seen, the 
projections still do not account for interdependencies of two or more axis of measurements.  
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Fig. 7 The full IE-VV coupled kinematic envelope for one specimen. The interdependencies at 
selected flexion steps (a-i).  The numbers below the flexion cross section represent the number of 
data points within 2% of the boundary / the number of data points in the cross section / the 
number of data points that was used in the initial boundary wrapping. The complete assembled 
interdependencies shaded in blue (j).  The flexion steps of 30° , 60° and 100°  were shown inside 
the IE-VV volume.  The phase plot of the simulated walk cycle was shown relative to the 
boundary. The center of the interdependency was represented by the lines on the typically given 
envelope, shown in the grey shaded region on the IE and VV respective planes.  It was clear to 
see the relationship between the valgus and internal laxity region in this figure.  Also the walk 
cycle was observed mostly “on” the IE-VV envelope, indicating that constraints of the VV and IE 
motion were potentially guiding the motion path of the walk cycle.   
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Fig. 8 Final smoothed laxity boundary of the IE-VV interdependencies for one specimen 
(NK06L).  Included in the figure were the trials containing the QKR lunges and the KKS 
simulated walk cycle.  The pattern of the paths were guided by the ligaments, articular geometry 
and other connective tissue as loads, no matter how small, are transmitted across the knee.  This 
figure illustrates what was thought to be a relationship between the passive constraints 
(boundary) and normal amblitory motion (lines). 
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Fig. 9 The normalized area of laxity was described as the fractional area of the interdependent 
area relative the maximum laxity range in the two DoF. The location of the independent area 
relative to the interdependent area was of no concern.  This illustration was for one specimen. 
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Fig. 10 Displacement measure of the activity relative to the kinematic envelope.  These 
measurements were used in Table 4 and Fig. 20-Fig. 28.  This figure was of a valgus loaded knee 
at 20° of flexion relative to the IE-VV kinematic envelope for one specimen.   The measurements 
were that of the coupled DoF relative to the independent IE and VV envelope and the coupled 
IE-VV envelope.  VVievv was the measurement of the VV displacement relative to the IE-VV 
envelope, whereas the VVvv was the VV displacement relative to the independent VV envelope.  
The measurements were taken as polar measurements in that there is a direction (region of 
laxity) and magnitude either inside (negative) or outside (positive) from the boundary. 
 



 51

 
Fig. 11 Individual comparison of the IE envelopes of the lunge (solid) and the hand manipulation 
(dashed) for the knees that underwent the QKR portion of the protocol.   
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Fig. 12 Individual comparisons of the VV envelopes of the 4.7 Nm VV lunge (solid) and the hand 
manipulation (dashed) for the knees that underwent the QKR portion of the protocol.   
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Fig. 13 IE laxity of the hand manipulation compared to the QKR IE loaded lunges. Each color 
represents one specimen. 
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Fig. 14 VV laxity of the hand manipulation compared to the QKR VV loaded lunges. Each color 
represents one specimen. Note that NK02R did not have QKR VV laxity and therefore only the 
hand laxity was presented. 
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Fig. 15 Average laxity of all specimens as determined by the manual manipulation.  (a) the mean 
rotational laxity associated with the VV (dotted line) and IE (solid line) with one standard 
deviation given by the shaded region. (b) The mean (solid line) and one standard deviation 
(shaded region) of the AP laxity. 
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Fig. 16 Interdependent laxity regions as a fraction of the full range of motion in two axes for all 
specimens (refer to fig. 9 for the method of calculating). The shaded region was the mean (± one 
standard deviation) of all knees in the IE-VV (a), VV-AP (b), and IE-AP (c) interdependent 
normalized laxities.  All knees were represented to show the patterns of the kinematic envelope 
interdependencies.   



 57

 
Fig. 17 Motion paths for the loaded lunges in the QKR for each test specimen (IE Lunges n=4, 
VV lunges n=3).  The shaded regions were the range of each test. The flexion and extension 
coupled paths of the loaded lunges relative to the IE-VV (a), IE-AP (b), and VV-AP (c) 
envelopes.  The flexion (solid) and extension (dashed) paths were shown relative to the center of 
the respective envelope.  The y axis on each represents the laxity quadrant location of the activity 
relative to the center.   
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Fig. 18 Motion paths for the varus lunge (with respect to the IE-AP (a)) and internally lunge 
(with respect to the VV-AP (b))  for each test specimen (Int lunges n=4, Var lunges n=3).  The 
flexion (solid) and extension (dashed) paths were shown relative to the center of the respective 
envelope.  The y axis on each represents the laxity quadrant location of the activity relative to the 
center.   
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Fig. 19 No load lunge for each knee (n=4) in the QKR relative to the IE-AP(a),  VV-AP(b), and 
IE-AP(c) envelopes.  The flexion (solid) and extension (dashed) paths were shown relative to the 
center of the respective envelope. 
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Fig. 20 QKR externally loaded lunge kinematic displacement from respective envelopes for four 
specimens.   
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Fig. 21 QKR internally loaded lunge kinematic displacement from respective envelopes for four 
specimens.    
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Fig. 22 QKR varus loaded lunge kinematic displacement from respective envelopes for three 
specimens.    
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Fig. 23 QKR valgus loaded lunge kinematic displacement from respective envelopes 
for three specimens.   
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Fig. 24 QKR unloaded lunge kinematic displacement from respective envelopes for four 
specimens.   
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Fig. 25 The walk cycle coupled paths as compared to the IE-VV, VV-AP and IE-AP coupled 
passive kinematic envelope for all specimens. Figures represent the coupled path of the walking 
activity relative to the (a) IE-VV envelope, (b) VV-AP envelope, and (c) IE-AP envelope.  The 
coupled path was represented at the direction relative to the center of the envelope. 
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Fig. 26 The average (±one standard deviation) IE displacement of all knees relative to (a) the IE-
VV envelope, (b) the IE-AP envelope, and (c) IE envelope for one walk cycle.   
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Fig. 27 The average (±one standard deviation) VV displacement of all knees relative to (a) the 
IE-VV envelope, (b) the VV-AP envelope, and (c) VV envelope for one walk cycle.   
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Fig. 28 The average (±one standard deviation)  AP displacement of all knees relative to (a) the 
IE-AP envelope, (b) the VV-AP envelope, and (c) AP envelope for one walk cycle.   
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4   Discussion / Conclusion 
The objective of this research was to create a method to define the kinematic 

limits of the knee without artificially constricting coupled motion.  The defined kinematic 

limits are then used as a base measurement from which ambulatory activities can be 

compared.  The methods of this research will be used in future research of the 

Experimental Joint Biomechanical Research Lab in describing structure function and 

knee behavior.  Currently kinetic envelopes are being used to describe how the structures 

limit motion under loaded activities.  The outcome of these kinetic envelopes can be used 

in model validation.   

Collecting the kinematic envelope passive limits without artificially constricting 

coupled secondary motion was achieved by manual manipulation.  This has been done 

successfully by validating the kinematic limits achieved by hand to that of limits obtained 

by flexing and extending the knee with known loads that place the knee in poses that just 

begins to engage the ligaments elastic properties.    Although only four knees were 

successful tested with internal and external torques the repeatability in placing the knee in 

extreme poses was acceptable and gives confidence in the manual manipulation methods.  

The three knees tested with varus and valgus torques however were not as consistent, 

except that all the varus and valgus paths were as much as 150% to 200% that of the 

distance from the centriod to the IE-VV boundary.  The translation and rotation 

boundaries seemed to have greater displacement which could be a combination of 

rotational and translational limits that were not successfully reached by hand or the QKR 

artificially restricted the paths beyond the manual manipulated kinematic envelope 

boundaries.  The QKR, though designed to have 6 degrees of freedom, however, may 
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induce unwanted coupled motion due to friction and alignment.  A kinetic boundary that 

is found by force coupled limits may prove to be a better method to define the limits of 

passive motion. 

The experimental method of manipulation also seems to have an influence on 

finding the boundary interdependencies.  Most knees were manipulated by flexing and 

extending the knee with combined out of plane loads that positioned the knee to an 

endpoint.  By doing this coupled rotations of varus and external may not have been 

realized.  To accommodate for this discrepancies the knee was held at full extension, 30°, 

60°, 90°,and 120°  and then a combination of the out of plane torques were used to fill in 

the missing quadrant of interactions.  While this provided a good path around the 

kinematic envelope it produced areas on the entire envelope which “bulged” from the 

“smoother” flexion extension paths.  While not more than 10% for NK05L, it did create 

problems in smoothing the boundary.  Therefore, a better smoothing method should be 

considered. 

Comparisons of the laxity to some dynamic activity are an area of great interest.  

As doctors use laxity in the assessment of how well an intervention may be, such as a 

TKA or ligament repair.  Perhaps there are links to ACL deficient coopers and their 

natural laxity limits interdependencies, or a link between false negative pivot shifts and 

the soft tissue constraint of the subject.  All these research questions deal with real life 

manipulation of the knee relative to the passive constraints of the knee.  The tool that was 

developed in this paper describes the laxity of the knee in regions and activities are 

presented as a magnitude and direction from the center of laxity. 
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The tool was created by mapping the boundary as described above and then the 

center was used as a point, or rather path, of reference.  The centriod was chosen because 

it satisfied two conditions in that it was inside the laxity region and the FE path of the 

centriod was consistent.   While a natural FE path would be preferable the experimental 

equipment did not conform to the requirements in locating the center path.  The QKR 

unloaded lunges were constantly anterior of the envelope and did not follow a repeatable 

path in flexion and extension.  Wilson et al. suggests, with the correct experimental set 

up, a knee will follow a path that is repeatable in flexion and extension to within 2° IE 

and 0.2° VV.  The QKR did was unable to find such a repeatable path.  Another means to 

determine the center would be with robotic manipulation but again this was not available 

to the lab.  The centriod therefore was used due to the constancy and the fact that the 

interdependencies determined the location of the center path. 

The equipment available in the Experimental Joint Research lab made it idea to 

study the passive kinematic envelope and its relationship to dynamic activity.  The QKR 

is a simple device that can be used to further validate the limits of the boundary as well as 

create clinical motion paths such as a pivot shift that can be compared to the envelope.  

The KKS is another powerful tool that can be used to create several dynamic motion 

conditions a knee experiences in a daily activity from walking to stairs or more dynamic 

athletic maneuvers.  

Further analysis may use the kinematic boundary as tool to better describe the 

function of ligaments and the kinematic constrains they place on the knee.   Each 

ligament constrains both a primary and secondary motion, as the ligament are 

compromised the primary and secondary laxity region should reflect a growth in laxity.    
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Finally the data boundary itself is a description of the soft tissue constraints as a 

whole and can be used to capture knee parameters for computational models.  The 

boundaries of the envelope depict poses in which ligaments are recruited to constrain 

motion.  Therefore, the boundary itself can indicate the length of ligaments and possible 

locations of ligament on ligament wrapping.  This technique has been used already to 

determine the best location for single bundle ACL reconstruction [29]. 
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A    Appendix 

A1 Wrapping the Envelopes 

To identify the interdependencies of each degree of freedom with respect to 

flexion angle, the experimental data was treated as single poses of the tibia relative to the 

femur without respect to time.  The data sets then are used to create laxity boundaries of 

interdependencies at identified flexion angles.  The boundary is smoothed to account for 

missing or discontinuous features along the flexion range.  The process included an initial 

discretization of the five degrees of freedom along the flexion range from 0° to 

approximately 140° or full flexion of the tissue.   Once discretized, two of the degrees of 

freedom were bounded by a polygon, at each flexion step; both convex and concaving 

methods were used.  These polygons are referred as polygons, as each polygon represents 

the interdependency of two degrees of freedom at a given flexion angle.  This step was 

followed by a filtering method between the flexion steps to smooth out the boundary. 

Comparisons of the concave and convex polygons are presented with corresponding 

smoothing of each method. Finally a check was done to verify that the parameters on the 

smoothing process did not under or over estimate the experimental data boundaries.  This 

is done by verifying that the experimental data that originally is suspect of being on the 

boundary of interdependency is within 5% of smoothed surface.   

A1.1   Discretization 
A polygon is created every 2° of flexion from 0° to 140° or full flexion of the 

knee.  Because the experimental data did not have data sets falling on every 2° of flexion, 

a range of ±1° is used, thus 2° represents interaction between 1° and 3° of flexion and 10°  

represents 9° to 11° and so forth.   
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A1.2    Wrapping 
The data points in the each step are used to outline two degree of freedom 

relationship.  Before the wrapping takes place each flexion set of poses are normalized to 

eliminate any bias towards a degree of freedom with a larger range. 

The data poses of each flexion step are then initially wrapped with a convex 

polygon.  A polygon overestimation is identified as any poses in which the motion is 

limited more in the combination of the degree of freedom than in the singular degree of 

freedom.  This appears as a concavity in the wrapped data set, of which a convex polygon 

overestimates the relationship of the boundary.  A method of finding areas of 

overestimation or poses that were not achieved in the experiment is used to define the 

boundary more clearly.  

Finding the overestimations involves searching for points inside the convex 

polygon along the longest edges.  The edge is then bisected and the new “inside” point is 

checked for being a boundary point.  If the new edges form an angle of 155° then it is 

considered to be on the boundary and the new wrapping is saved.  This process is done 

until there are no points inside the wrapping that meats this criteria or the edges are 

within 2 standard deviations of the initial edge lengths.  The result is a polygon that 

wraps the boundary of the passive kinematic envelope and includes concaving 

interdependencies (Fig. A1).  

A1.3   Smoothing Boundaries Between the Flexion Steps 
Smoothing between the flexion steps is necessary in order to “fill in” poses that 

were missed.  An example of this would be a manipulation of the knee a 60° and 70° with 

missing interaction at 65° of flexion.  Another use of the smoothing is to eliminate poses 
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where the ligaments were inadvertently moved beyond the passive limit.  The author 

acknowledges that this method biases a conservative boundary, however the final 

checking process ensures that there are no over smoothing of the boundary. Smoothing 

also removes discontinuities in the boundary along the surface (Fig. A4). 

The boundary polygons are smoothed along the flexion range.  A Butterworth 

filter is used with the following parameter assumptions.  One data set is a string of 

corresponding boundary points, this creates an edge along the flexion range, and 

therefore there are as many data sets as there are boundary segments.  The data set has as 

many data points as there are flexion steps.  There are 71 flexion steps 0° to 140° by steps 

of 2°.   The Butterworth filter is used by fitting a third order polynomial to 5° flexion 

steps to use only the local interactions in the smoothing.   

 

A1.4   Checking the Boundary 
The smoothed boundary is then check to the original data set to ensure the final 

boundary is within acceptable limits of the experimental data.  The envelope is again 

normalized to exclude bias to a lager range of one degree of freedom over another.  The 

experimental data set is measured as a percentage of the distance from the center of the 

envelope at the target flexion step to boundary.  An experimental data point that is 100% 

is exactly on the surface of the kinematic boundary.  The boundary is accepted if the 

experimental data is within 2% of the surface as measured from the center.   Only points 

that were within 2% of the boundary were counted in its respective laxity region.  The 

more points that represent the interdependency at a location indicate the knee was 

sufficiently posed in that combination and the boundary represents the experimental data 

well.  The locations were there are no data points the boundary was interpolated, as such 
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the boundary may not represent the interdependency well.  The more missing data the 

less accurate the boundary is in representing the interdependencies. 

The wrapping shows a consistency with respect to concave or convex wrapping 

(Fig. A1).   There seems to not be a significant difference between these two methods in 

terms of Total interdependent laxity (Fig. A2).  However, in terms of points on the 

surface the concave method captures more poses that define the kinematic envelope (Fig. 

A3).   As for the smoothing, the area of laxity is altered from the raw data set (Fig. A2).  

This can be viewed as an improvement in that there are no discontinuities along the 

surface of the boundary due to a few missing data points at certain flexion steps (Fig. 

A4).     

A1.5   Wrapping Conclusion 
The Wrapping to determine the kinematic envelope is more sensitive to the 

smoothing than the concaving interdependencies of the degrees of freedom, as the 

smoothing affected the laxity volume and points close to the surface more so then the 

concave polygons.  However the concaving polygons did have a significant more amount 

of points on defining the surface then the convex method indicating that the experimental 

data was more full and complete.  Either way the end result of a identifying a center of 

measurement and a continuous surface of interdependencies of the degrees of freedom 

were successful.  Therefore the most important element of the wrapping is in the data 

collection in making sure the tissue is manipulated in poses that just begin to stress the 

tissue in restring further motion.  Using force feedback and creating a kinetic envelope of 

motion using the input of force and moments to define the surface may have a better 

advantage then simply the kinematic “feel” of the endpoints.  With that understanding the 
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“feel” is still a necessity in that most all clinical evaluations are based on endpoint 

boundary “feel” and a subjective assessment.    

Finally based on the wrapping density maps NK01R and NK04R were taken out 

of the study because the boundary was so sparsely recreated. This was even more evident 

for NK04R when viewed in the three isometric view of for all three envelope boundaries.  

It is clearly seen that there was a large section of missing data below 50° of knee flexion.  

As for NK01R, this was the first knee in the study and as the density maps point out most 

of the experimental data was taken in the IE plane with very little interaction with the VV 

plane.  Secondly it was clear to see from the density plots that the AP interaction was 

more difficult to capture.  

A2 Envelope Fit and Figures 
The experimental data was collected in such a way as to pose the knee in as many 

combined limits as possible, however not all combinations were achieved and this left 

missing data along those combined interdependencies.   The following figures are maps 

of the number of data points (experimental poses) that define the interdependencies of the 

boundary.   Only points that were within 2% of the boundary were counted in its 

respective laxity region.  The more points that represent the interdependency at a location 

indicate the knee was sufficiently posed in that combination and the boundary represents 

the experimental data well.  The locations were there are no data points the boundary was 

interpolated, as such the boundary may not represent the interdependency well.  The 

more missing data the less accurate the boundary is in representing the interdependencies. 

The x-axis is flexion and the y axis is the laxity regions.  Each quadrant was 

divided into four regions and the poses that were close to the boundary (within 2%) in 
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that region were counted as a pose representing the combined laxity interdependency.   

The blue indicates regions of interdependency where the experimental data is missing and 

the boundary was interpolated at that location (Fig. A5 - Fig. A9).  If there were at least 

1-3 points that identified the boundary at that interdependency then the boundary can be 

considered a good representation of the data set. 
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Fig. A1 Dotted lines are the concave (black) and convex (red) and the solid lines are the 
corresponding smoothed boundaries.  The centers of the polygons are the “x” smoothed and “o” for 
the initial wrapping.  As you can see on this data set all wrappings visually match well except for the 
concave region in the External and valgus pose.  See figure 4 for a better view of how the smoothing 
alters the data wrapping.  Other data sets are included in the appendix 
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Fig. A2 This plot is of the total laxity volume over the experimented flexion range (n-11).  If the knee 
were to have 100% IE laxity in extension to flexion and 100% independent VV laxity as well, then the 
Volume percentage would be 100%.  Due to the interdependencies the percentages are less.  Four 
conditions are considered with a convex and concave wrap and smoothing of each.   
 

0

10

20

30

40

50

60

70

80

Raw Filtered 5% from surface Filtered 2% from surface

Av
er

ag
e 

%
 o

f D
at

a 
po

in
ts

 o
n 

su
rf

ac
e

Convex
Concav

 
Fig. A3 Average number of data points that make up the surface of the laxity interdependencies 
boundary (n-11).  All interdependencies were considered so the higher the percentage indicates the 
knee was posed such that at least one interdependent “endpoint” was reached.  Endpoint would be a 
pose in which the structures or geometry begins to restrict further motion.  The filtered 5% and 2% 
indicate poses that are within 5% and 2 % respectively from the smoothed interdependency 
boundary.   This is one check to make sure the smoothing step does not under or over estimate the 
interdependencies. 
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Fig. A4 Area of the IE VV and AP interdependencies for one specimen. These show how the 
concavities do not seem to play a large role in the surface generation as the smoothing does.  The 
smoothing also removes discontinuities between flexion steps.  All knees followed the same trend 
concerning the concave or convex wrapping. 
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Fig. A5 Density plot of number of experimental poses that is within 2% of the IE-AP boundary.   
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Fig. A8 Density plot of number of experimental poses that is within 2% of the IE-VV boundary.    
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Fig. A9 Density plot of number of experimental poses that is within 2% of the VV-AP boundary.   
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A3 Additional plots 
The full kinematic envelope with the walk cycle (cyan lines) shown is shown for 

the IE-VV, IE-AP and VV-AP envelopes for each knee.  The center of the 

interdependency is represented by a magenta line and the typically given PROM is shown 

in the grey shaded region on the IE, VV, or AP respective planes.  The numbers below 

the flexion cross section represent the number of data points within 2% of the boundary / 

the number of data points in the cross section / the number of data points that was used in 

the initial boundary wrapping.  Each page contains the plots of an individual knee that is 

broken into the three interdependent envelopes. 
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A4 Programs  
The following are the programs used to define the boundary of the coupled envelope.  
The programs are run in this order and call on some subfunctions 
 
The inputs into the program are Grood and Suntay kinematics, the coupling dimensions 
being analyzed, and the flexion step span.  I used a step of 2 °.  The first dimension is 
defaulted to be on the x axis. 
 
The final outputs are the filtered normalized area of each interdependent step, the 
quadrant areas and the center point. The filtered boundary points on the flexion step, the 
filtered max and min of the dimensions, and the full extension flexion angle. 
 
Sample script to run the programs 
%Calculation of the area of laxity, center path, Envelope boundaries, 
%Activity location 
%Dimensions to be analyzed 
dim=[3 5]; 
s=2; 
%Calculating the initial Boundary to be filtered next 
[rA01,rE01,rMM01,mf(1)]=span(gE01,dim,s) 
%Filtering the boundary of the envelope 
[fE01 fA01 sE01 fMM01]=boundry(rE01,rA01,rMM01,dim,s); 
% Activity relative to the Envelope 
[AL01]=Activity_Quad(fE01,gE01,fA01,fMM01,dim,s) 
%[AL01]=Activity_Quad(filtered Envelope,GS Kinematic activity,Area... 
%and center,Envelope max and min,dim,s) 
%AL01 is the % in or out, angle of activity, quadrant, 
flexion angle, dim one displacement, dim 2 displacement. 
 
 
function [AREA,PTS,MM,minflex]=span(env,dim,sp) 
% env = Grood and Suntay coordinate kinematics [Flex VV IE ML AP CD] 
% dim = diminsions of env being analyzed 
% sp = flexion span I used 2 degrees per slice  
if nargin==2 
    sp=5; 
end 
ENV=[]; 
s0=1; 
s1=1; 
s=1; 
minflex=min(env(:,1)); 
for a=[0:sp:140]; 
    s01=s0; 
    s11=s1; 
    flex=1; 
    for se=1:size(env,1) 
        if env(se,1)>=a-flex && env(se,1)<=a+flex 
            env_0(s0,:)=[env(se,1:6),a]; 
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            s0=s0+1; 
        end 
        if env(se,1)>=(a+flex)-flex && env(se,1)<=(a+flex)+flex 
            env_1(s1,:)=[env(se,1:6),a]; 
            s1=s1+1; 
        end 
    end 
    s0e=s0; 
    s1e=s1; 
    if s01==s0e || s11==s1e 
        envtemp=NaN*ones(2,5); 
    else 
        envtemp=[env_0(s01:s0e-1,2:6);env_1(s11:s1e-1,2:6)]; 
    end 
    MM(s,:)=[a,max(envtemp),min(envtemp)]; 
    RMM(s,:)=[a,max(envtemp)-min(envtemp)]; 
    clear envtemp 
    s=s+1; 
end 
pts=[env_0(:,7),env_0(:,2:6);env_1(:,7),env_1(:,2:6)]; 
s=1; 
[ran,idx]=max(RMM(:,2:6)); 
ma=[MM(idx(1),2),MM(idx(2),3),MM(idx(3),4),MM(idx(4),5),MM(idx(5),6)]; 
mi=[MM(idx(1),7),MM(idx(2),8),MM(idx(3),9),MM(idx(4),10),MM(idx(5),11)]
; 
PTS=[]; 
for i=1:length(pts) 
    ptsn(i,:)=[pts(i,1),(pts(i,2:6)-mi)./(ma-mi)]; 
end 
for a=[0:sp:140]; 
    ind=find(ptsn(:,1)==a);  
        if isnan(RMM(s,2))==1 
            XYZ=[]; 
            AREA(s,:)=NaN*ones(1,8); 
            s=s+1; 
        else 
            ptscn=[ptsn(ind,dim(1)),ptsn(ind,dim(2))]; 
            ptsc=pts(ind,:); 
            clear H0 
            [H0 An(s)]=convhull(ptscn(:,1),ptscn(:,2)); 
            sH=size(H0,1); 
            sH1=0; 
            while sH~=sH1 
                sH=size(H0,1); 
                [XYZ AreaC(s,1) CXY(s,:)]=concav(ptscn,H0); 
%                 figure(20);plot(ptscn(H0,1),ptscn(H0,2),'b') 
%                 pause;clf(20);    
                clear H0 
                H0=XYZ; 
                clear XYZ 
                sH1=size(H0,1); 
            end 
            evalc(['XYZ_',int2str(a*10),'=H0']); 
            if nargin==6 
                [A1(s), A2(s), A3(s), A4(s)]=quad(ptscn,H0,CXYn(s,:)); 
            else 
                [A1(s), A2(s), A3(s), A4(s)]=quad(ptscn,H0,CXY(s,:)); 
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            end 
            CXY(s,:)=(ma([dim(1)-1,dim(2)-1])-mi([dim(1)-1,dim(2)-
1])).*CXY(s,:)+mi([dim(1)-1,dim(2)-1]); 
            AREA(s,:)=[a AreaC(s,:) A1(s)/AreaC(s,:), A2(s)/AreaC(s,:), 
A3(s)/AreaC(s,:), A4(s)/AreaC(s,:) CXY(s,:)]; 
            PTS=[PTS;ptsc(H0,:)]; 
            s=s+1; 
        end 
        clear H0 
    end 
end 
 
 
%Kevin Dodd 
%======================================================================
==== 
%version v1: 
%This version takes the middle point between the edge and searches for 
the 
%closet point within the solution set.  This method can leave points 
%outside the solution set. 
% 
%version v2: 
%This version looks for the point that is closest to the edge in a 
%concavity.  The limit of the search is the perpendicular distance and 
the 
%angle must be between the vectors must be between 0 and 60 degrees 
% 
%version v3: 
%In this version I take the length of the new edge p3 and compar to the 
%edge p2.  The edge p3 must be shorter then p2. 
% 
%version v4 
%Creates the H concav vector in fewer lines and searches for the larges 
%alpha angle to get the closest point to the edge between the two 
points. 
% 
%version v5 
%this version incorperates the program centroid to find the Area of the 
%concav polygone and the geometric center. 
% 
%version v6 
%This version adds serches for points that are located only in the 
%sub-area.  This means that the all vectors from the center point to 
the 
%edge are located in the 2-D solution set of th epolygone area. 
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function [H Area center]=concav(pts,h) 
warning off 
c_conv=mean(pts(h,:)); 
c_pts=mean(pts); 
pts=[pts;c_conv;c_pts]; 
c=size(pts,1)-1; 
n=size(h,1)-1; 
for i=1:n 
    ht(:,i)=[h(i);h(i+1);c;h(i)]; 
    dist(:,i)=sqrt((pts(h(i),1)-pts(h(i+1),1))^2+(pts(h(i),2)-
pts(h(i+1),2))^2); 
    
mid(i,:)=[(pts(h(i),1)+pts(h(i+1),1))/2,(pts(h(i),2)+pts(h(i+1),2))/2]; 
end 
for k=1:size(ht,2) 
    Ar(k)=polyarea(pts(ht(:,k),1),pts(ht(:,k),2)); 
    [A(k) xy(k,:)]=centroid(pts(ht(:,k),1:2)); 
    p=inpolygon(pts(:,1),pts(:,2),pts(ht(:,k),1),pts(ht(:,k),2)); 
    mA(k)=Ar(k)/sum(p); 
end 
cm=[sum(prod([A',xy(:,1)],2))/sum(A),sum(prod([A',xy(:,2)],2))/sum(A)]; 
pts(size(pts,1)-1,:)=cm; 
mdist=mean(dist(:));           %mean length of edge 
stdist=std(dist(:));           %standard deviation of length 
[y hmax]=max(dist); 
m=1;                           %initiate edges outside of deviation 
for k=1:size(dist,2); 
    if dist(k)>mdist+1*stdist; 
        edgt(:,m)=[ht(1:2,k);k]; %temperary edge if greater than 3 std 
        m=m+1; 
    end 
end 
if m==1                         %If all points are less than 3 std then 
    edgt=[ht(1:2,hmax);hmax];   %select longest only the points 
end 
for k=1:size(edgt,2) 
    r1(k,:)=pts(edgt(2,k),1:2)-pts(edgt(1,k),1:2); 
    R1(k)=sqrt(dot(r1(k,1:2),r1(k,1:2))); 
    h_tri=[edgt(1,k);edgt(2,k);c;edgt(1,k)]; 
    for m=1:size(pts,1)-2 
        r2(m,:)=pts(edgt(1,k),1:2)-pts(m,1:2); 
        R2(m)=sqrt(dot(r2(m,1:2),r2(m,1:2))); 
        r3(m,:)=pts(edgt(2,k),1:2)-pts(m,1:2); 
        R3(m)=sqrt(dot(r3(m,1:2),r3(m,1:2))); 
        alpha(m,k)=acosd(dot(r2(m,1:2),r3(m,1:2))/(R2(m)*R3(m))); 
        theta(m,k)=acos(dot(r1(k,1:2),r2(m,1:2))/(R1(k)*R2(m))); 
        d(m)=R2(m)*sin(theta(m,k)); 
        if inpolygon(pts(m,1),pts(m,2),pts(h_tri,1),pts(h_tri,2))==0 
            alpha(m,k)=NaN; 
        elseif pts(m,:)==pts(c,:) 
            alpha(m,k)=NaN; 
        end 
    end 
    [y(k) ind(k)]=max(alpha(:,k)); 
    h_newc=[ind(k);edgt(1,k);edgt(2,k);ind(k)]; 
    IN(k,:)=inpolygon(pts(1:end-2,1),pts(1:end-
2,2),pts(h_newc,1),pts(h_newc,2)); 
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    if y(k)<155 || sum(IN(k,:)) > 3 
        index=0; 
        ind(k)=0; 
    else 
        index=k; 
    end 
end 
%disp(y) 
if index==0 
    HT=ht; 
else 
    ht_t=ht; 
    for i=k:-1:1 
        if ind(i)==0 || isnan(y(i))==1 
            HT=ht_t; 
        else 
            h_new=[ind(i);edgt(2,i);c;ind(i)]; 
            
HT(:,1:size(ht_t,2)+1)=[ht_t(:,1:edgt(3,i)),h_new,ht_t(:,edgt(3,i)+1:en
d)]; 
            clear ht_t 
            HT(2,edgt(3,i))=ind(i); 
            ht_t=HT; 
        end 
    end 
end 
for k=1:size(HT,2) 
    [A(k) xy(k,:)]=centroid(pts(HT(:,k),1:2)); 
    p=inpolygon(pts(:,1),pts(:,2),pts(HT(:,k),1),pts(HT(:,k),2)); 
    mA1(k)=A(k)/sum(p); 
end 
Area=sum(A); 
cx=sum(prod([A',xy(:,1)],2))/sum(A); 
cy=sum(prod([A',xy(:,2)],2))/sum(A); 
center=[cx,cy]; 
H=[HT(1,:),HT(1,1)]'; 
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%Kevin Dodd 
%3/21/2008 
%Quad 
% 
%This program will take the perimeter of a 2-D data set with its 
geometric 
%center (centroid) to find the quadrant areas. 
% 
%3/22/2008 
%Version oneworks ok however if the conhull starts in the second quad 
then 
%Quad 2 and Quad 3 are messed up.  This will need to be resolved by 
%creating a method to get all the points in order starting with the 
first 
%point in a Quad going in a counterclockwise direction. 
% 
%corrected the ordering of the sections by sorting each quadrant points 
by 
%by the order they were introduced in the convhull however it starts 
the 
%polygon in quadrant 1 
% 
%3/24/2008 
%figures and plotting was taken off of this program.  There is no 
checking 
%matrix either to streamline the program 
% 
%3/28/2008 
%The quadrant areas were corrected.  This program is modeled from 
quad_v4 
function [A1, A2, A3, A4]=quad(pts,h,c) 
q1=[];q2=[];q3=[];q4=[]; 
a1=[c(1)+1,c(2)];           %+X axis 
a2=[c(1),c(2)+1];           %+Y axis 
a3=[c(1)-1,c(2)];           %-X axis     
a4=[c(1),c(2)-1];           %+Y axis 
%====================================================================== 
%Loop through and find which quadrant the parimeter data point belongs 
too 
%h = data vertice in data set pts 
%c = centroid of Area 
for i=1:size(h,1) 
    ri(i,:)=pts(h(i),1:2)-c;        %Normalized vector to centriod  
    if i==size(h,1) 
    else 
        if ri(i,1)>0;               %If [+x y] 
            if ri(i,1)*ri(i,2)>0;   %If [+x +y] 
                q(i,:)=[pts(h(i),1:2) 1 h(i)]; 
            else                    %If [+x -y] 
                q(i,:)=[pts(h(i),1:2) 4 h(i)]; 
            end 
        else 
            if ri(i,1)*ri(i,2)>0; 
                q(i,:)=[pts(h(i),1:2) 3 h(i)]; 
            else 
                q(i,:)=[pts(h(i),1:2) 2 h(i)]; 
            end 
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        end 
    end 
end 
%determine the First full set of quadrant points and reorder sets 
if q(1,3)==4 
    m=1; 
else 
    m=q(1,3)+1; 
end 
k=1;        %while loop condition 
m1=1;       %index vertice 
m2=1; 
while k==1 
    if q(m1,3)==m 
        qt=q(m1:end,:);  
        s=[ri(m1:end-1,:),ri(m1+1:end,:)]; 
        k=2; 
    end 
    m1=m1+1; 
    if m1==size(q,1)+1 
        if m==1 
            m=2; 
        elseif m==2 
            m=3; 
        elseif m==3 
            m=4; 
        elseif m==4 
            m=1; 
        end 
        m1=1; 
    end 
    m2=m2+1; 
    if m2==100 
        disp('crash') 
        hold on 
        plot(pts(h,1),pts(h,2),'-ro') 
        plot(c(1),c(2),'r*') 
        k=2; 
    end 
end 
qt=[qt;q(1:m1-2,:)]; 
s=[s;ri(1:m1-1,:),ri(2:m1,:)]; 
ht=[qt(:,4);qt(1,4)]; 
h=ht; 
%Quadrant indexing numbers n1,n2 etc.  
%Collect quadrant verticies in unique matrix 
n1=1;n2=1;n3=1;n4=1; 
for k=1:size(h,1)-1 
    if qt(k,3)==1 
        q1(n1,:)=qt(k,1:3); 
        n1=n1+1; 
    end 
    if qt(k,3)==2 
        q2(n2,:)=qt(k,1:3); 
        n2=n2+1; 
    end 
    if qt(k,3)==3 
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        q3(n3,:)=qt(k,1:3); 
        n3=n3+1; 
    end 
    if qt(k,3)==4 
        q4(n4,:)=qt(k,1:3); 
        n4=n4+1; 
    end 
end 
%Determine the intersecting vectors of the polygon and the X Y axis 
%si = intersecting vectors [pt1, pt2] = [x1 y1 x2 y2] 
%qi = Quadrant containing points 
%qi(1,:) should be the [4 1] as these Quadrants are sepertaed by the +X 
%axis.  qi(2,:) is [1 2] as these Quadrants are seperated by the +Y 
axis. 
%The others follow the same logic  
k=1; 
for i=1:size(h,1)-1 
    if s(i,1)*s(i,3)<0 || s(i,2)*s(i,4)<0 
        si(k,:)=[pts(h(i),:),pts(h(i+1),:)]; 
        if i==size(h,1)-1 
            qi(k,:)=[qt(i,3),qt(1,3)]; 
        else 
            qi(k,:)=[qt(i,3),qt(i+1,3)]; 
        end 
        k=k+1; 
    end 
end 
%Determine the intersecting points of the polygon and the X Y axis 
for i=1:size(si,1) 
    mi=(si(i,4)-si(i,2))/(si(i,3)-si(i,1)); 
    bi=si(i,2)-mi*si(i,1); 
    if qi(i,1)==qi(i,2)-1 || qi(i,1)==qi(i,2)+3 
        if qi(i,1)==1 
            int(1,:)=[c(1),mi*c(1)+bi]; 
        elseif qi(i,1)==2 
            int(2,:)=[(c(2)-bi)/mi,c(2)]; 
        elseif qi(i,1)==3 
            int(3,:)=[c(1),mi*c(1)+bi]; 
        elseif qi(i,1)==4 
            int(4,:)=[(c(2)-bi)/mi,c(2)]; 
        end 
    elseif qi(i,1)==1 
        int(1,:)=[c(1),mi*c(1)+bi]; 
        int(2,:)=[(c(2)-bi)/mi,c(2)]; 
    elseif qi(i,1)==2 
        int(2,:)=[(c(2)-bi)/mi,c(2)]; 
        int(3,:)=[c(1),mi*c(1)+bi]; 
    elseif qi(i,1)==3 
        int(3,:)=[c(1),mi*c(1)+bi]; 
        int(4,:)=[(c(2)-bi)/mi,c(2)];        
    elseif qi(i,1)==4 
        int(4,:)=[(c(2)-bi)/mi,c(2)]; 
        int(1,:)=[c(1),mi*c(1)+bi];         
    end 
end 
  
%Create the polygon areas and paremiter vectors 
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Q1=[c,0;int(4,:),0;q1;int(1,:),90;c,90]; 
Q2=[c,90;int(1,:),90;q2;int(2,:),180;c,180]; 
Q3=[c,180;int(2,:),180;q3;int(3,:),-90;c,-90]; 
Q4=[c,-90;int(3,:),-90;q4;int(4,:),0;c,0]; 
A1=polyarea(Q1(:,1),Q1(:,2)); 
A2=polyarea(Q2(:,1),Q2(:,2)); 
A3=polyarea(Q3(:,1),Q3(:,2)); 
A4=polyarea(Q4(:,1),Q4(:,2)); 
A=A1+A2+A3+A4; 
Area=polyarea(pts(h,1),pts(h,2)); 
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function [fenv Area V fMM] = boundry(E,Araw,MM,dim,sp,c) 
%E = Raw Envelope data 
%Araw = Raw areas  
%MM = Raw max min Envelope of Motion 
%dim = Diminsions being analysed 
%sp = flexion steps 
%c = color for plots not used 
if nargin==4 
    sp=5; 
end 
Cxy=Araw(:,[1,7,8]); 
k=1; 
V=[]; 
for a=0:sp:140 
    indc=find(Cxy(:,1)==a); 
    inde=find(E(:,1)==a); 
    if isempty(indc)==1 
    else 
        %normalize to the flexion max and min 
        mm1=[min(E(inde,dim(1))),max(E(inde,dim(1)))-
min(E(inde,dim(1)))]; 
        mm2=[min(E(inde,dim(2))),max(E(inde,dim(2)))-
min(E(inde,dim(2)))]; 
        env(:,1)=(E(inde,dim(1))-mm1(1))/(mm1(2)); 
        env(:,2)=(E(inde,dim(2))-mm2(1))/(mm2(2)); 
        cxy=[a (Cxy(indc,2)-mm1(1))/mm1(2) (Cxy(indc,3)-
mm2(1))/mm2(2)]; 
        j=1; 
        for i=0:2:360 
            r=[cxy;[a 50*cosd(i) 50*sind(i)]+cxy]; 
            ri(j,:)=[a 50*cosd(i) 50*sind(i)]+cxy; 
            [int1(j,k) int2(j,k)] = 
polyxpoly(env(:,1),env(:,2),r(:,2),r(:,3)); 
            z(j,k)=a; 
            x(j,k)=int1(j,k);y(j,k)=int2(j,k); 
            j=j+1; 
        end 
        int1(:,k)=int1(:,k).*(mm1(2))+mm1(1); 
        int2(:,k)=int2(:,k).*(mm2(2))+mm2(1); 
        V=[V;a*ones(j-1,1) int1(:,k) int2(:,k)]; 
        k=k+1; 
        clear env cxy 
    end 
end 
fenv=[]; 
flex1=min(E(:,1)); 
flex2=max(E(:,1)); 
inde=find(Cxy(:,1)==flex1); 
indf=find(Cxy(:,1)==flex2); 
%filter boundary 
for i=1:181; 
    [fdata data]=surffilter([int1(i,:);int2(i,:)]',5); 
    fint1(i,:)=fdata(:,1)'; 
    fint2(i,:)=fdata(:,2)'; 
    fenv=[fenv;[flex1:sp:flex2]',fint1(i,:)',fint2(i,:)']; 
%     figure(12); 
%     hold on; 
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%     plot3([flex1:sp:flex2],int1(i,:),int2(i,:),'b'); 
%     plot3([flex1:sp:flex2],fint1(i,:),fint2(i,:),'r'); 
end 
fenv=sortrows(fenv,1); 
l=10/sp; 
e=size(flex1:sp:flex2,2)*181; 
fenv([1:181*l e-181*l+1:e],:)=V([1:181*l e-181*l+1:e],:); 
k=1; 
%Filtered boundary max and mins 
for a=0:sp:140 
    if isempty(find(fenv(:,1)==a, 1))==1 
        fMM(k,:)=[a nan nan nan nan]; 
        k=k+1; 
    else 
        fMM(k,:)=[a max(fenv(find(fenv(:,1)==a),2:3)) 
min(fenv(find(fenv(:,1)==a),2:3))]; 
        k=k+1; 
    end 
end 
fRMM=[fMM(:,1),fMM(:,2:3)-fMM(:,4:5)]; 
[ran,idx]=max(fRMM(:,2:3)); 
ma=[fMM(idx(1),2),fMM(idx(2),3)]; 
mi=[fMM(idx(1),4),fMM(idx(2),5)]; 
for i=1:length(fenv)   
    fenvn(i,:)=[fenv(i,1),(fenv(i,2:3)-mi)./(ma-mi)]; 
end 
fenvn=sortrows(fenvn,1); 
fenvt=fenvn; 
s=1; 
for a=0:sp:140 
    if a==0 
        inde=find(fenvt(:,1)==a); 
    else 
        inde=find(fenvt(:,1)==a); 
    end 
    fenvt(end+1,:)=[a mean(fenvt(inde,2:3))]; 
    for i=1:size(inde,1)-1 
        ht(:,i)=[inde(i);inde(i+1);size(fenvt,1);inde(i)]; 
    end 
  
    if isempty(inde)==1 
        A1(s)=nan; A2(s)=nan; A3(s)=nan; A4(s)=nan; 
        Area(s,:)=[a nan nan nan nan nan nan nan]; cm(s,:)=[nan nan]; 
    else 
        for k=1:size(ht,2) 
            Ar(k)=polyarea(fenvt(ht(:,k),2),fenvt(ht(:,k),3)); 
            [A(k) xy(k,:)]=centroid(fenvt(ht(:,k),2:3)); 
        end 
        
cmt(s,:)=[sum(prod([A',xy(:,1)],2))/sum(A),sum(prod([A',xy(:,2)],2))/su
m(A)]; 
        [A1(s), A2(s), A3(s), 
A4(s)]=quad(fenvt(inde,2:3),[1:size(inde,1)]',cmt(s,:)); 
        cm(s,:)=(ma-mi).*cmt(s,:)+mi; 
        Area(s,:)=[a sum(A) A1(s)/sum(A) A2(s)/sum(A) A3(s)/sum(A) 
A4(s)/sum(A) cm(s,:)];     
    end 
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    s=s+1; 
end 
 
 
function [fdata data]=surffilter(M,Hz) 
for k1=1:size(M,2); 
    data=M; 
    freq_collect=71; 
    freq_cutoff=Hz; 
    freq_half=freq_collect/2; 
    [b,a]=butter(1,freq_cutoff/freq_half); 
  
    [n,m]=size(data); 
    n_2=2*n;                         % this is used in the reflection 
    n_3=3*n;                         % this is used in the reflection 
  
    temp1=data(n:-1:1,k1);                %reverse data 
    temp2=[temp1;data(:,k1);temp1];       %string together 3 copies  
       of data, 1st and 3rd reversed 
    temp3=filter(b,a,temp2);              %filter forward 
    temp4=filter(b,a,temp3(n_3:-1:1,1));  %filter reversed 
    % temp3=filter(b,a,data);             %filter forward 
    % temp4=filter(b,a,temp3(n:-1:1,1));  %filter reversed 
    temp5=temp4(n_3:-1:1,1);              %reverse all 
    % temp5=temp4(n:-1:1,1);              %reverse all 
  
    fdata(:,k1)=temp5(n+1:n_2,1);         %pull out original data 
    % fdata(:,k1)=temp5(:,1); 
    clear temp1 temp2 temp3 temp4 temp5; 
end 
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function [Out]=Activity_Quad(E,W,A,MM,dim,sp) 
if nargin==5 
    sp=5; 
end 
yax=[0 1 0]; 
Cxy=A(:,[1,7,8]); 
k=1; 
V=E; 
%====================================================================== 
%Place the x an y intersection of the envelope in a new order. 
k=1; 
st=sum(isnan(A(:,2))==0); 
for a=0:sp:140 
    if isempty(find(V(:,1)==a, 1))==1 
        int1(:,k)=ones(size(V,1)/st,1)*nan; 
        int2(:,k)=ones(size(V,1)/st,1)*nan; 
        int1n(:,k)=ones(size(V,1)/st,1)*nan; 
        int2n(:,k)=ones(size(V,1)/st,1)*nan;         
        Cn(k,1)=nan; 
        Cn(k,2)=nan;         
        k=k+1; 
    else 
        idmm=find(MM(:,1)==a); 
        idv=find(V(:,1)==a); 
        idc=find(Cxy(:,1)==a); 
        Vn(:,1)=(V(idv,2)-MM(idmm,dim(1)+5))./(MM(idmm,dim(1))-
MM(idmm,dim(1)+5)); 
        Vn(:,2)=(V(idv,3)-MM(idmm,dim(2)+5))./(MM(idmm,dim(2))-
MM(idmm,dim(2)+5)); 
        Cn(k,1)=(Cxy(idc,2)-MM(idmm,dim(1)+5))./(MM(idmm,dim(1))-
MM(idmm,dim(1)+5)); 
        Cn(k,2)=(Cxy(idc,3)-MM(idmm,dim(2)+5))./(MM(idmm,dim(2))-
MM(idmm,dim(2)+5)); 
        int1n(:,k)=Vn(:,1); 
        int2n(:,k)=Vn(:,2); 
        int1(:,k)=V(idv,2); 
        int2(:,k)=V(idv,3); 
        k=k+1; 
    end 
end 
%================================================================ 
%Find the interpolation of the walk flexion to the envelope and Center. 
%PX=diminsion 1 evelope at flexion 
%PY=diminsion 1 evelope at flexion 
%cxy= center at flexion 
PX(1,:)=W(:,1)'; 
PY(1,:)=W(:,1)'; 
for i=1:size(int1,1) 
    PX(i+1,:)=interp1([0:sp:140],int1(i,:),W(:,1)'); 
    PY(i+1,:)=interp1([0:sp:140],int2(i,:),W(:,1)'); 
    PXn(i+1,:)=interp1([0:sp:140],int1n(i,:),W(:,1)'); 
    PYn(i+1,:)=interp1([0:sp:140],int2n(i,:),W(:,1)');  
end 
for i=2:size(MM,2) 
   MMW(:,i)=interp1([0:sp:140],MM(:,i),W(:,1));  
end 
MMW(:,1)=W(:,1); 
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cxy(1,:)=W(:,1)'; 
cxy(2,:)=interp1([0:sp:140],Cxy(:,2)',W(:,1)'); 
cxy(3,:)=interp1([0:sp:140],Cxy(:,3)',W(:,1)'); 
cxyn(1,:)=W(:,1)'; 
cxyn(2,:)=interp1([0:sp:140],Cn(:,1)',W(:,1)'); 
cxyn(3,:)=interp1([0:sp:140],Cn(:,2)',W(:,1)'); 
Wn(:,1)=W(:,1); 
Wn(:,2)=(W(:,dim(1))-MMW(:,dim(1)+5))./(MMW(:,dim(1))-MMW(:,dim(1)+5)); 
Wn(:,3)=(W(:,dim(2))-MMW(:,dim(2)+5))./(MMW(:,dim(2))-MMW(:,dim(2)+5)); 
%======================================================================
==== 
%Vectors from center to the activity 
axs=[min(min([W(:,dim(1));E(:,2)]))*1.5,... 
        max(max([W(:,dim(1));E(:,2)]))*1.5,... 
        min(min([W(:,dim(2));E(:,3)]))*1.5,... 
        max(max([W(:,dim(2));E(:,3)]))*1.5]; 
for i=1:size(W,1) 
    vwn=(Wn(i,:)-cxyn(:,i)'); 
    VWn=sqrt(dot(vwn,vwn)); 
    vw=([W(i,1) W(i,dim)]-cxy(:,i)'); 
    VW=sqrt(dot(vw,vw)); 
    nw=vw/VW; 
    nwn=vwn/VWn; 
    ln=[cxy(:,i)';cxy(1,i) (nw(2:3)*1000+cxy(2:3,i)')]; 
    lnn=[cxyn(:,i)';cxyn(1,i) (nwn(2:3)*1000+cxyn(2:3,i)')]; 
    theta(i)=acosd(dot(yax,nw)); 
    thetan(i)=acosd(dot(yax,nwn)); 
    flex(i)=PX(1,i); 
    if nw(2)*nw(3)>0 
        if nw(3)>0 
            q(i)=1; 
        else 
            q(i)=3; 
        end 
    elseif nw(2)*nw(3)<0 
        if nw(3)>0 
            q(i)=2; 
        else 
            q(i)=4; 
        end 
    else 
        q(i)=nan; 
    end 
    if isempty(polyxpoly_n(PX(2:end,i),PY(2:end,i),ln(:,2),ln(:,3))); 
        io(i)=nan; 
        F(i,:)=[nan nan]; 
        ion(i)=nan; 
        Fn(i,:)=[nan nan];         
    elseif PX(1,i)>max(V(:,1)) 
        io(i)=nan; 
        F(i,:)=[nan nan]; 
        ion(i)=nan; 
        Fn(i,:)=[nan nan];   
    elseif PX(1,i)<min(V(:,1)) 
        io(i)=nan; 
        F(i,:)=[nan nan]; 
        ion(i)=nan; 



 116

        Fn(i,:)=[nan nan];   
    elseif isnan(PX(2,i))==1 
        io(i)=nan; 
        F(i,:)=[nan nan]; 
        ion(i)=nan; 
        Fn(i,:)=[nan nan];   
    else 
        [intn(1,1) intn(1,2)] = 
polyxpoly(PXn(2:end,i),PYn(2:end,i),lnn(:,2),lnn(:,3));   
        [int(1,1) int(1,2)] = 
polyxpoly(PX(2:end,i),PY(2:end,i),ln(:,2),ln(:,3));    
        ven=[cxyn(1,i) intn]-cxyn(:,i)'; 
        VEn=sqrt(dot(ven,ven)); 
        ve=[cxy(1,i) int]-cxy(:,i)'; 
        VE=sqrt(dot(ve,ve)); 
        ion(i)=VWn/VEn*100; 
        Fn(i,:)=[VWn VEn]; 
        io(i)=VW/VE*100; 
        F(i,:)=[VW VE]; 
    end 
end 
% clear F 
i=1; 
while isnan(q(i))==1 
    i=i+1; 
end 
if q(i)==1; 
    ind=[find(q==3),find(q==4)]; 
    theta(ind)=-1*theta(ind); 
    thetan(ind)=-1*thetan(ind); 
end 
if q(i)==2; 
    ind=[find(q==3),find(q==4)]; 
    theta(ind)=360-theta(ind); 
    thetan(ind)=360-thetan(ind); 
end 
if q(i)==3; 
    ind=[find(q==3),find(q==4)]; 
    theta(ind)=360-theta(ind); 
    thetan(ind)=360-thetan(ind); 
end 
if q(i)==4; 
    ind=[find(q==3),find(q==4)]; 
    theta(ind)=-1*theta(ind); 
    thetan(ind)=-1*thetan(ind); 
end 
Out=[[1:size(W,1)]'.*100/size(W,1),io',theta',flex' 
q',F,ion',thetan',Fn]; 
 


