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ABSTRACT 

 
 
 
Accurate testing of knee braces involves many obstacles to understand the true impact 

and effectiveness of the brace.  One such obstacle involves the brace in a cadaver setting 

as it requires addressing the tissue interface with the brace.  As the cadaver tissue has no 

muscle tone to simulate the stiffness of contracted muscle a tissue analog was developed 

to simulate the in vivo brace-tissue interface.  Determination of the target tissue properties 

involved indentation testing of both male and female college athletes.  Indentation was 

made at the locations of brace cuff contact at the proximal thigh and distal calf of the 

right leg.  Indentation was made for the tissue alone and as a composite with the brace 

cuff.   

 

Linear approximations were made to determine the stiffness value at each trial and 

location.  Statistical analysis determined the anterior thigh and calf were of similar 

stiffness values.  The anterior thigh and calf were significantly more stiff than the 

posterior thigh and male subjects had a higher stiffness for all locations and levels of 

contraction than female subjects, p<0.05.  A composite polyethylene foam model was 

constructed with stiffness values similar to female subjects.  The model was verified to be 

statistically similar in stiffness to the female subjects, p<0.05.  The model was applied to 

a cadaver knee for testing and the brace compliance was similar to in vivo tissue 

compliance.  All expected relative motion with the brace versus unbraced knee were seen 

with the application of 225 N of anterior force.  The unbraced knee had more anterior 

translation than the braced and the anterior cruciate ligament deficient knee had as much 

as twice the anterior translation than the anterior cruciate ligament intact knee. 
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CHAPTER 1  
 

INTRODUCTION 
 
 
 
 

1.1 Statistics Of Anterior Cruciate Ligament Injuries 

 

     There are approximately 80,000 to 100,000 anterior cruciate ligament (ACL) injuries 

each year in the United States (1).  Of these injuries, approximately 60,000 to 75,000 

undergo reconstruction (2).  Most often the ACL injury etiology is that of a 

hyperextension and pivot combination movement.  This movement occurs during 

activities such as changing direction and cutting, sudden pivot in a lateral direction, or 

landing from a jump (2).  According to a study by Kaiser, seventy-eight percent of knee 

injuries occur in five sports: football, baseball, soccer, skiing and basketball (2).  Hewson 

noted a 100% increase in sports related ACL injures in college football players when 

compared to the general population (2).  The population that appears to be most at risk of 

ACL injury are women, though the reasons for this higher incidence are unknown (3).  

The population of interest for the current study was athletes at the collegiate level of 

competition in any of the National Collegiate Athletics Association (NCAA) division II 

sanctioned sports. 

 

 

1.1.1 Anatomy Of The Knee 

 

     The stability of the knee is dependent on three general factors: the congruency of the 

bones, the ligaments and the muscles.  The femur has a rounded articular surface at the 

distal end and the tibia has a concave surface to better articulate with the femur.  To add 
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to the static stability of the knee are menisci medially and laterally to deepen the 

concavity of the tibia for more contact with the femur (see figure 1-1). 

 

 

 

Figure 1-1:  Knee cross-section anatomy (3)   

 

 

     Stability is also dependent on four primary ligaments of the knee (see figure 1-2).  The 

medial collateral ligament (MCL) spans from the medial femoral epicondyle to the 

superomedial surface of the tibia.  The lateral collateral ligament (LCL) is the only 

ligament that extends outside the capsule from the lateral epicondyle of the femur to the 

lateral surface of the fibular head.  The ACL extends from the posteromedial aspect of the 

lateral femoral condyle to the anterior portion of the intercondylar surface of the tibia.  

The posterior collateral ligament (PCL) crosses opposite the ACL from the anteromedial 
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aspect of the medial femoral condyle to the posterior intercondylar area of the tibia (4).  

The surrounding fibrous capsule of the knee reinforces this stability.  

 

 

 

Figure 1-2: Knee anatomy, cruciate ligaments anterior and posterior view (5) 

 

 

     The primary muscles that stabilize the knee include the hamstring muscle group, the 

quadriceps muscle group, the illiotibial band and the gastrocnemius.  There are several 

other muscles that cross the knee joint to aid in stability, including the magnus and longus 

adductors, gracilis, and sartorius (6). 

     The principle function of the ACL is to prevent anterior movement of the tibia relative 

to the femur, referred to as anterior draw.  This anterior motion can be caused by muscle 

activity as well as the inertia of the body during activity.  With the knee at both 30± and 
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90± the ACL resists 85% of anterior draw and still resists 75% of the anterior draw at full 

extension (7). 

     The ACL consists of two primary bands: the postero-lateral band, which is tightest in 

extension, and the antero-medial band, which is tightest in flexion (3).  The posterior-

lateral band is under the highest forces in hyperextension.  Forces in this bundle begin in 

the last 10± of passive knee extension and at 5± of hyperextension there are between 50 

and 240 N of force of the posterior-lateral band (3). 

 

 

1.1.2 Biomechanics Of The Knee 

 

     There are intrinsic factors of the knee that may make the knee more vulnerable to 

injury.  Possible factors that increase the likelihood of injury are the size of the 

intracondular notch of the femur, the quadriceps angle (Q-angle) of the knee, genu 

valgum, anteversion and tibial torsion (see figure 1-3) (3).  The intracondular notch refers 

to the space between the formal condyles that the ACL passes through.  The Q-angle is 

the angle between the direction of pull for the rectus femoris and vertically through the 

patella.  Genu valgum is often referred to as “knock-kneed” where the medial sides of the 

knee touch when the leg is straitened due to the angle of the tibia relative to the femur.  

Anteversion is when the femur is internally rotated, causing the knee to be internally 

rotated.  Conversely tibial torsion is when the internal rotation occurs at the tibia, with 

minimal internal rotation of the knee.  While these are all considered possible indications 

of an “at-risk” knee, none have been consistently linked to predicting injury (3). 
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Figure 1-3(a-d):  (a)Q-angle determination from anatomical landmarks (3), (b) genu 
valgum, (c) tibial torsion, (d) femoral anteversion. 

 

 

1.2 ACL Brace Function 

 

     ACL braces are designed to provide two functions: proprioception and a mechanical 

stop.  Proprioception of the knee, or the ability to correctly position the knee in space 

without looking at the limb, has been shown to decrease when the ACL is injured (8).  

The brace appears to help with proprioception of the knee by acting as a “reminder” that 

there is an injury and, therefore, increase muscle stabilization (8).  The other effect of the 

brace is a mechanical “stop”.  This stop applies a force to the knee to prevent excessive 

anterior motion of the tibia within a specific range of motion in an attempt to reduce 

strain on the ACL (8).  The amount and direction of force are dependent on the specific 

design of the brace.  The braces used in this study were the DonJoy ForcePoint, Defiance, 

and Armor, and the Breg Fusion, all of which are designed to provide a posterior force on 

the tibia through the range of motion to reduce strain on the ACL throughout increasing 

shear loads (9). 
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1.3 Physical Analog Development 

 

     The purpose of this project is to build an analog of soft tissue for the lower leg.  This 

requires the determination of material properties for bulk human soft tissue in vivo, in a 

posture that can best simulate a dynamic situation.  The stiffness properties are then 

simulated by a reproducible material and applied to a cadaver knee to better simulate in 

vivo testing of ACL braces with cadavers.  The development of this model will help to 

increase the authenticity of brace testing using cadaver knees. 

     Development of a physical analog for the lower leg involved three primary steps to 

simulate a normal physiological condition with a cadaver specimen to test anterior 

cruciate ligament braces.  The first was to determine the properties of the bulk soft tissue 

in vivo in terms of a material property, in this case, modulus of elasticity.  The second 

was to find a material that has similar properties as the human tissue composite both with 

and without the full contact area of a knee brace.  The third was to create a model of the 

leg and apply it to a fresh frozen human cadaver knee, apply anterior loads that will strain 

the ACL similar to injury situations, and determine the effectiveness of the brace.  

Differences between the use of this analog and the original flaccid tissues of a cadaver 

limb were also investigated.  

     Human tissue has many different properties that are difficult to quantitatively describe 

and change regularly in different situations or joint positions.  The soft tissues of the 

limbs are included in this group of tissues, as they consist of skin, muscle, fat, artery, 

vein, bone and fluids (10) (see figure 1-4).  Both individually and as a composite, these 

tissues display viscoelastic properties (11) that are difficult to replace with man made 

materials.   
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Figure 1-4:  Cross-section of mid femur (4) 

 

 

     The first step in building a physical analog was to determine the material properties of 

bulk tissue.  This was accomplished by using standard indentation methods of volunteer 

college athletes in a static squat position with the active muscles similar to a dynamic 

injury situation.  After human subject testing was completed statistical analysis was run 

on the stiffness values obtained.  From this analysis the significant differences in stiffness 

due to location, knee angle or muscle contraction was determined for both male and 

female athletes.  The next step was to find a ready-made material that had similar 

properties individually and as a composite with the brace under similar indentation tests.  

This included testing of the material in the same position and with the same testing 
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equipment used for the initial human subjects.  The final step was to validate the analog 

design in both material selection and as a method with a cadaver knee to more accurately 

test ACL brace effectiveness when compared to the cadaver knee alone.  Validation of 

the analog came from both the testing of the material cylinder analog and through 

reaction to the application of anterior translation obtained with cadaver testing with and 

without the analog soft tissue.  The reasoning, methods and results of this validation are 

contained within. 
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CHAPTER 2  

 
BACKGROUND 

 
 
 
 

2.1 History Of ACL Injuries 

 

     It is estimated that nearly seventy percent of ACL injuries are sports related (12).  

Non- contact injuries typically occur near foot strike, as the quadriceps contract 

eccentrically (12).  This normally occurs during motions such as a deceleration, a change 

in direction a varus or valgus moment about the knee or an internal or external rotation 

about the knee (12).  The ACL reaction force increases as the quadriceps activation 

increases, while a hamstring co-contraction decreases the reaction force of the ACL (13).  

It has also been shown that a subject cannot voluntarily activate the leg muscles fast 

enough to prevent injury to the knee (14). 

     Bennyon et al found that the strain of the ACL was zero at flexion angles greater than 

sixty degrees (13).  Pandy et al found that with isometric contraction of the hamstrings 

the strain on the ACL was minimal at fifteen degrees and beyond thirty degrees (13).  

The ACL force decreases as the angle between the ligament and the tibial plateau 

decreases, bringing the ligament in a better position to resist anterior forces (13).  This 

strain pattern is different in a weight bearing condition compared to a non-weightbearing 

condition (15).  Full activation of the quadriceps when the knee is near full extension can 

produce enough force to rupture the ACL (12).  This low knee angle is important for 

quadriceps force production as most injuries occur at a knee flexion angle of 21 to 22 

degrees (12).  This coincides with the primary knee angle for the main non-contact injury 

mechanisms, supporting the theory that the quadriceps can produce enough anterior force 

to cause additional strain to the ACL (12).  The ACL alone has an ultimate strength of 
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1730 Newtons, though it is believed that it is only loaded regularly to approximately 454 

Newton during most activities, an inherent safety factor of five (16).    

 

 

2.2 Physiology Considerations 

 

     Physiological motion of the intact knee, when allowed to rotate freely, indicates that 

when anterior motion is applied, the tibia rotates ninety-eight percent of the time and 

when posterior motion is applied the tibia rotates eighty-two percent of the time (17).  

The direction of this rotation is consistent; the tibia always rotates internally for anterior 

force and externally for posterior forces in an increasingly nonlinear fashion (17).  The 

direction of rotation is anatomically determined as the insertion of the ACL on the tibia is 

anteromedial to the axis of rotation (17).     

 

 

2.3 Material Property Determination 

 

     There are two basic techniques used to determine material properties of soft tissue.  

Indentation can be used to test biological tissues in the same manner as it is used to 

determine the properties of non-biological materials.  The indentation method gives direct 

force versus displacement data that can be used to estimate the stress-strain relationship 

of the material.  Ultrasound is another non-invasive technique for human testing.  While 

this application is not frequently used in basic materials testing to determine mechanical 

properties, as it is more costly and indentation is just as reliable, it is a possible 

alternative for human tissue property determination.  
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2.3.1 Ultrasound Applications 

 

     Most ultrasound research has been focused on the idea of taking the tissue 

deformations and making them as visually pleasing as possible (18).  This method is also 

preferred for the testing of soft tissues, since it is noninvasive (18).  Soft tissue 

deformation information is found by assuming that the sound velocity in soft tissues is 

1540 m/s (19).    

     Ultrasound allows for an estimation of the tissue thickness.  The thickness is measured 

by an optical or needle size sound generation probe on the surface of the skin and 

ultrasound measurement techniques (18).  The thickness is found from the reflection of 

the sound wave from the bone directly beneath the probe (20).  This assumes that the 

bone will be in the appropriate position to make the measurement, which is not always 

the case (20).  This method also assumes that all movement will be due to the indentation 

force and not body segment movement (20).  Changes in the angle of the probe relative to 

the bone may cause erroneous stress distribution properties.  This can be ignored when 

the thickness of the soft tissue is twice as big as the diameter of the ultrasound probe (5).  

The largest reflected ultrasound signal is found when the indenter probe is perpendicular 

to the underlying bone (21). 

 

 

2.3.2 Indentation Considerations 

 

     Indentation has long been used in the medical community for multiple reasons.  

Medically, indentation most often refers to palpation of the tissues.  While this is a 

qualitative method, palpation can often determine abnormalities or defects in the soft 

tissue. Soft tissue abnormalities are often associated with a change in the stiffness of the 

tissue (18).  This method is used for diagnosis through characteristic changes of soft 
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tissue indicating a disease state (22) though this is limited by subjectivity and low 

sensitivity (18).   

     One of the issues in identifying soft tissue properties is that living matter is dynamic.  

Its mechanical properties can be affected by age, diet, disease and heredity (23).  To 

further complicate identification of the properties of bulk soft tissue are the 

biomechanical characteristics of the human body.  Different human body parts are 

different and will change with age and pathological condition (22).  Soft tissue is 

considered a composite of materials within the body.  This composite consists of the 

three layers of skin, skeletal muscle, artery, vein, ligament and tendon (10, 24).  Unlike 

most inorganic materials, the in vivo behavior is not the same as the sum of the in vitro 

behaviors of the individual parts that make up the composite (10, 18).  An issue involving 

the use of the constituent parts in analysis is that a majority of these tissues have been 

tested under tensile loading, such as cartilage and tendon, and not within a closed 

volume, as by the skin (10).  These properties can also vary significantly from one 

individual to another (18).  Torres-Moreno found the material properties at several 

different indentation depths to demonstrate the nonlinear properties of soft tissue (19).  

Soft-tissue compliance and composition of the thigh have been considered important 

factors in resisting tibial translation with orthoses (25).  Muscle contraction is also an 

important consideration in the application of knee braces.  The magnitude and order of 

muscle contraction affects both the soft tissue interface with the brace and the strain 

behavior of the ACL (15).  This muscle contraction will also help to stabilize the knee 

with the compressive joint load by forcing the surfaces together (15).  Site variations of 

up to seventy percent and individual variations of up to three hundred percent have been 

noted previously (26). 
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2.3.3 Indentation Methods 

 

     The common material testing methods involve indentation of the tissue with recording 

of the external surface (18).  This method is easy to perform and analytical mathematical 

solutions exist for “contracting elastic bodies” (18).  The thickness of the tissue will 

affect the ability to correctly measure the biomechanical properties (18).  The ultimate 

objective of this method is to obtain absolute measurements of the material properties and 

behavior (27). 

     Indentation is the most popular technique used to find mechanical behavior of soft 

tissue of the limbs in vivo, as it is a straightforward and relatively effective way to 

determine biomechanical properties (21).  The first indentation probe was developed by 

H. Schade in 1912 to study the creep properties of skin (19, 21).  In the 1980’s Fischer 

developed a portable hand held meter with an analog force gage and a collar that slid up 

the probe to measure the depth of penetration (20).  Pathek developed a rate-controlled 

indenter to determine stiffness of the residual limb of amputees.  This system consisted of 

a load cell mounted to a linear actuator for acute control of indentation rate (20).  Linear 

indentation solutions, i.e. Hayes’ equation, have been used to find the elasticity of the soft 

tissues, though the tissues are nonlinear and inhomogeneous, thus finding the effective 

Young’s modulus (19).  

     The level of indentation can be determined by the maximum probe depth, maximum 

force or a combination of the two.  This was the case for Han et al who used twenty 

percent of the tissue thickness (18).  Maximum force was used by Klasener et al with a 12 

Newton maximum (20) and Vannah and Childress with a 7 Newton maximum (28).  A 

combination of the two was used by Zheng and Mak used thirty percent indentation and 

five Newton (19) and Silver-Thorn’s indentation of thirty millimeters and forces less than 

forty-four Newton (10). 

     Soft tissues will also show hysteresis when subjected to cyclic loading and unloading 

as well as stress relaxation at constant strain and creep at constant stress (18).  For each 
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loading cycle a hysteresis loop will form.  With continuous loading cycles the size of the 

loop will decrease to a steady state after 2-5 cycles (10, 18, 20, 21, 22, 26).  This 

preconditioning occurs due to changes in the internal structure of the tissue with cycling 

(18).  Indentation rate appears to have no significant effect on Young’s Modulus, with a 

deviation of about ten percent (21) and a faster indentation rate may give a more 

physiologically accurate simulation of gait (20). 

 

 

2.4 Brace Information  

 

     Braces have three categories of stability and use; the prophylactic, rehabilitative and 

functional knee braces.  The prophylactic has been designed to decrease the severity of 

knee injuries in contact sports without inhibiting performance and does not require a prior 

injury to use.  The rehabilitative brace allows for protected motion and control of the 

knee for non-surgical rehabilitation or following surgical reconstruction.  Functional knee 

braces provide stability for the completely unstable knee (29).  It is believed that 

effectiveness of braces is purely by the mechanical means of moving the limb position in 

a favorable direction and thereby reducing the muscle activity needed for a specific 

maneuver (29). 

     Jurist and Otis found that placing the restraining force closer to the flexion axis of the 

knee decreases the anterior tibial displacement (13).  Albright et al found that 

prophylactic knee braces are most effective when they can transmit the forces away from 

the joint line and to the proximal and distal soft tissues (30), the larger area that the force 

is distributed over, the better the control of tibial translation (24).  More compliant braces 

are least effective in reducing loads on the ligaments as they most often contact the knee 

joint during impact (11).  Factors that effect soft tissue compliance include friction, 

viscosity, elasticity and inertia.  This compliance is critical to the distribution, absorption 

and transmission of dynamic valgus loads (11). 
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     The primary factors that determine design of rehabilitative braces are the number and 

arrangement of straps, the alignment of the hinge bars, the interface of the limb with the 

hinge bars, and the material properties of the shell and hinge (24). 

     A bilateral hinge with a posterior shell has been repeatedly shown to provide the 

greatest resistance to tibial translation (25), especially when the two hinges are aligned 

axially (31) (figure 2-1).  The primary factor that affects the brace performance is the 

congruence of the interface between the straps, bar and shell to the leg (24).   

     Thus far no functional knee brace has been able to protect the ACL above relatively 

low shear loads (32).  Several braces have been shown to reduce the tibial translation of 

the injured knee by approximately one-third of the initial unbraced motion (10), though 

none have been able to keep the tibial translation of the ACL deficient knee within the 

translation limits of the ACL intact knee (9,24,29,32,33) 

 

 

 

Figure 2-1:  Posterior shell brace with axially aligned hinges front (left) and side view 
(right). 
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2.4.0 Previous Soft Tissue And Brace Studies 

 

     Lui et al created an analog soft tissue model for use in a surrogate knee.  Indentation 

testing was performed by Lui et al of 10 sedentary individuals, 10 active individuals and 

10 competitive athletes at approximately seven centimeters above the knee joint in both a 

relaxed and contracted muscle state.  These states were defined as a sitting position and a 

forty-five degree knee squat.  Using a flat-faced plunger the soft tissue was indented to a 

maximum force of 20 Newtons.  The stiffness was then determined from the slope of the 

displacement versus applied force plots via linear regression.  The results of this testing 

yielded a stiffness of 1.71 N/mm and 3.28 N/mm in the relaxed and contracted states 

respectively for the competitive athletes, the current population of interest, and 

significantly lower stiffness values for the less active populations in the contracted state 

only.  Using layers of rigid foam added to the surrogate knee to simulate soft tissue and a 

brace applied to knee anterior forces of a maximum of 200 Newtons was applied to the 

knee for brace effectiveness.  Findings indicate that the reduction in the anterior 

displacement of the knee is dependent on tissue compliance in resisting anterior tibial 

displacement, the more compliant the material, the more displacement occurred (25).  

     Erickson et al created a soft tissue analog for cadaver testing of lateral impact using 

prophylactic knee braces.  The soft tissue material was designed to simulate the 

compliance at the upper and lower sites of brace attachment.  To determine the correct 

material an average compliance was found for ten subjects to be 0.316 mm/N.  Liquid 

foam with a similar compliance of 0.4026 mm/N was secured around the bone.  A 

compressive load was then applied through the femur approximating half of body weight 

and a lateral impact was applied to the knee that did not exceed a potential energy greater 

than 6.6 Nm.  This was used as it is below the 8.5 Nm of potential energy that has been 

shown to damage the posterior capsule of the knee.  Results indicated that prophylactic 

braces were unable to reduce or limit the strain on the ACL for any testing situation (14).  
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     Daley et al also used soft tissue compliance over a surrogate leg model to determine 

MCL loading.  The soft tissue stiffness properties were found from an active graduate 

student to be 2.28 N/mm and a comparable latex cast model with a stiffness of 2.64 

N/mm was used.  Added to the soft tissue compliant material were force values for the 

four main muscle directions around the knee, the medial hamstrings, the lateral 

hamstrings, the quadriceps and the gastrocnemius.  By adding the muscle forces to the 

simulation the gross stiffness of the knee more than doubled, as did the load required for 

MCL failure (30, 34).  

     While these previous studies have included some tissue properties in order to provide 

more realistic testing situations, they do not take into account the differences in stiffness 

between locations and muscle contraction.  This study included determination of whether 

the differences in stiffness between locations on the leg were significant enough to 

constitute different materials to model different locations on the leg.  The differences then 

have an impact on the effectiveness of the brace and considerations for future brace 

designs. 
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CHAPTER 3  
 

HUMAN TESTING 
 
 
 
 

3.1 Human Testing Background Information 

 

     The material testing procedure to determine the compression modulus requires a stable 

surface in which to indent and a reference point from which to measure the initial 

indentation.  To accomplish this, the fixture needed to secure both ends of the bone for 

the segment tested in vivo for healthy human subjects.  The actual indentation 

measurement component could then interface with this stabilization design. 

     To determine the compression properties of the soft tissue the skeletal system needed 

to be stabilized (20).  There is no easy way to rigidly fix the ends of the bone in a live 

human subject so a restraint was used knowing that the bones will still have some 

movement, inducing some degree of error into the measurements.  Not all movement of 

the bone can be eliminated, so movement of the bone in the anterior or posterior direction 

was reduced based on two assumptions.  The first assumption is that by maintaining the 

same position of the body (a squat position at specified angles), the muscle contraction 

will create a compressive force within the joints that will maintain joint angles at both the 

hip and knee or knee and ankle joints.  This will maintain the angles of the joint on either 

side of the testing location; the position of the bone will remain more rigid due to the 

proprioceptive feedback of the muscles to maintain the position.  The second assumption 

is that by securing the stabilization bars to the soft tissue at the location just proximally 

and distally to the point of indentation, a parallel position of the leg can be maintained to 

the two support bars.  By including the muscle contraction to maintain a single leg 
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standing position the angle will be maintained during indentation and repeatable for 

separate trials and subjects.  

     The stabilization of the limb is required to separate indentation of the tissues from 

translational movement of the bone and limb.  Human tissue is viscoelastic and properties 

have been shown to change based on location and level of contraction (11,18,20,24,26) 

during an activity.  Testing during dynamic activity is not a reasonable situation to obtain 

data due to the inability to stabilize and indent the tissues while the limb is moving.  A 

static situation of similar positioning was derived to simulate the properties of tissue 

during activity.  This form of muscle contraction was used for testing keeping in mind 

that Ettema et al found that, in rats, isometric muscle contraction had a lower stiffness 

than isokinetic contraction (35).  The activities of interest are situations where most ACL 

injuries occur, the stopping and cutting maneuvers (2, 12, 36).  Research by Colby found 

that a non-contact injury to the ACL is most likely to occur at approximately 22º of 

flexion and with a high quadriceps to hamstring force ratio (12).  Testing of the uninjured 

knee has been shown to have maximum anterior translation at 20º of flexion (25, 29, 37), 

or 30° for maximum anterior and posterior motion (17).  The range around 22º degrees of 

flexion was considered in this injury simulation.  To accommodate this desired range for 

simulation, knee angles of 15º and 30º of knee flexion were chosen for testing.  The 

isometric contraction has been shown to have a lower stiffness than isokinetic contraction  

     As the amount of muscle contraction will affect the stiffness of the tissues the weight 

distribution will also have an effect on the stiffness.  As the amount of weight distribution 

when standing on two legs is not always equal, a method for determining the distribution 

of weight during each trial must be employed to control the amount of muscle 

contraction, and thus the stiffness.  Without the use of force platforms, a common way to 

determine weight distribution in gait analysis, equal weight distribution cannot be 

confirmed.  To guarantee a predetermined weight distribution, a single leg standing 

posture was used for testing.  Single leg support muscle load approximations were made, 

where the right quadriceps supported approximately eighty-four percent of the total body 
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weight during testing, representing the percentage of total body weight above the knee.  

The right, supporting leg, was tested for all subjects.  This approximation for single leg 

standing weight included the change in the moment arm for the quadriceps at different 

angles of knee flexion.  The increase in muscle activity for a single leg standing posture 

was approximated in a controlled manner for a predetermined increase in the load based 

on motion around the center of gravity.   

 

 

3.2 Stabilization Device 

 

     Development of the testing fixture involved two separate objectives: the stabilization 

apparatus itself and the electronic measurement components needed to measure the 

material properties.  The stabilizing apparatus combined maintaining the position of the 

limb while obtaining data.  The electronic components needed to contain all data 

collection devices in a mobile unit.  The mobility was needed to perpendicularly indent 

each of the three desired regions without disrupting or changing the positioning or 

balance of the subject.  Mechanical drawings of the entire assembly are in appendix B. 

 

 

3.2.1 Stabilization Board 

 

     The stabilization device (See figure 3-1) consisted of a wooden floor base attached to 

a vertical wood board.  This vertical board served as an attachment point for the limb 

stabilization angle bars as well as the electronics.  Attached to the board were two vertical 

pieces of one and a half inch steel tubing.  For each desired testing knee angle another 

piece of one and a half inch tubing was cut to fit the distance between the vertical pieces 

at the desired flexion angle.  This piece was then welded to a two-inch tubing collar to 

slide along the vertical uprights.  Each angled bar and collar was secured at the desired 
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height by tightening a 5/8-inch hex head set screw down to the vertical upright.  Along 

the angular tubing were two additional two-inch collars, which can slide and be tightened 

into position with an attached thermoplastic form molded to conform to the thigh and 

knee.  The collars with the thermoplast also have a 2-inch Velcro strap that can be 

tightened to the size of the subject’s thigh to increase the conformity and better secure the 

limb.  A smaller, horizontally adjustable vertical bar (see figure 3-2) is also attached to 

the vertical board.  This bar has a single collar with a thermoplastic form and Velcro to 

secure the lower leg.  All adjustments are made to the height of the angle bar and the 

thermoplastic collars so the secured subject is in a single leg squat position with the 

support leg secured in four places: the proximal femur, the distal femur, the proximal 

tibia and the distal tibia (figure 3-3).  These bone positions were then maintained during 

testing (see figure 3-4).   

 

 

 

Figure 3-1: Stabilization board, front view.  Figure 3-2: Angle bar separated. 
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Figure 3-3-: Male subject secured in stabilization apparatus for testing. 

 

Figure 3-4:  Testing posture at 15°. 
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3.2.2 Material Testing Components 

 

     The desired material property from this testing was the compression modulus found 

based on standard material indentation methodology.  In order to find this property, the 

stress per strain relation needed to be determined.  Compressive stiffness is a portion of 

the compression modulus that can easily be directly measured while the compression 

modulus can be determined directly in vivo.  To measure this value directly, the force and 

displacement were used to approximate stress and strain measurement values for later 

computation.  Force and displacement were simultaneously measured throughout the 

indentation process. These values were measured simultaneously for each indentation 

cycle with a 100 pound load cell and ± 1 inch linear variable displacement transformer 

(LVDT).  Each was mounted in series with a ½ inch round aluminum indenter along a 

shallow U-shaped piece of steel tubing (see figure 3-5).  The U-shaped tubing holding the 

electronic components also had a collar with a 9-inch threaded rod.  This rod has two hex 

head nuts, that when tightened, secure the entire component to the vertical board through 

slotted cutouts that run parallel to the angle bar.  These grooves allowed for the electrical 

component to be adjusted so that each of the desired areas for testing was perpendicular 

to the indenter (see figure 3-6).  The load cell and LVDT data was collected using 

LabView (National Instruments, Austin TX), see appendix E on the accompanying CD 

for program specifics. 
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Figure 3-5: Electronics housing and components 

 

Figure 3-6:  Electronics attachment for indentation to the tissue.  

 

 

 



 

 

26

 

3.3 Human Subject Recruitment And Testing 

 

     A human subject testing protocol was approved by the Colorado Multiple Institution 

Review board prior to any recruitment or testing (see appendix A).  All subjects were 

recruited from the Colorado School of Mines athletics department and all subjects were 

members of a 2004-05 Rocky Mountain Athletic Conference Division II roster.  

Recruitment was through contact in the athletic training room, e-mail and referral of other 

athletes.  There were two periods of recruitment, one for male athletes and one for 

female.  

 

 

3.3.1 Male Subjects 

 

     Seventeen male subjects were recruited over a three-month period.   Three subjects 

sustained an injury that met the exclusionary criteria prior to the completion of testing.  

For eight other subjects the data acquisition rate was too low to have confidence in the 

stiffness obtained.  The male testing protocol included indentation at three sites: anterior 

thigh, posterior thigh and calf in both a single leg standing position and with maximum 

voluntary contraction.  Indentation was performed both with and without a brace cuff and 

at both 15º and 30º of knee flexion. 

     After signing an approved consent and Health Insurance Portability and 

Accountability Act (HIPAA) form, subject body fat was determined using skin fold 

calipers following the three-site upper body procedure (38) and their current weight was 

obtained.  Anthropometric measurements were made of circumference of the subjects’ 

right leg at 2, 4, 6, and 8 inches above the joint line and 4 and 6 inches below the joint 

line.  These measurements were made with the subject standing, maximum voluntary 

contraction while standing and sitting in a relaxed straight leg position.  
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     Each subject was secured at a predetermined initial angle to the testing fixture 

described previously.  Each location and angle consisted of three recorded cycles for 

preconditioning and three cycles recorded for analysis.  Site order was randomly 

determined to minimize erroneous changes in tissue properties due to fatigue or other 

unanticipated situational changes.  For the same reasons initial use of the cuff at each site 

was also randomly determined as a cuff or no cuff condition.  Initial knee angle was 

determined in this manner and for similar reasons or reducing error due to the order of 

testing and not changes in material properties. 

     Once the initial conditions were determined by assigning the first testing site, knee 

angle, and whether or not the cuff was to be used, the electronics component was 

attached to the support board at the appropriate site.  The collar of this component was 

adjusted so that the indenter tip was barely in contact with the skin while the subject is in 

the desired squat position.  Three cycles of indentation were recorded and any 

adjustments to the electronics component or the indentation site were made during these 

preconditioning cycles (18).  This was followed by three trials, with the data recorded for 

analysis.  Such a position was closely maintained between cycles.  At the end of the three 

initial recorded trials the subject was then asked to contract the muscles in the area of 

testing as hard as possible with minimal coaching.  This maximum voluntary contraction 

was held for three indentation cycles.  At the end of these three cycles the cuff was either 

removed or added to the leg at the desired site.  The same procedure was repeated 

beginning with preconditioning and through maximum voluntary contraction.  Once a 

total of twelve trials were recorded for the initial testing site (3 normal, 3 maximum 

voluntary contractions with cuff, and 3 normal and 3 maximum voluntary contractions 

without cuff), the electronic component was moved to the second randomly determined 

site with the same flexion angle.  Initial cuff use was again randomly determined.  The 

steps were repeated as previously stated for the new site as preconditioning; single leg 

squat and maximum voluntary contraction during single leg squat were recorded both 
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with and without a cuff.  Once all three sites were tested at the initial knee angle, the 

angle was changed and the order or testing was repeated for each site. 

 

 

3.3.2 Female Testing 

 

     Nine female subjects were recruited over a three-week period.  Indentation sites and 

knee angle were the same as for the male subjects.  To better quantify and control the 

increased muscle contraction from the simple single leg standing position a series of 

weight vest trials replaced the maximum voluntary contraction testing cycles used for the 

male subjects.  The amount of weight added to the subject varied so as to increase the 

quadriceps force to approximately three times that of body weight.  This approximation 

was made from the statics (equation 3.1) for the moment about the knee (figure 3-7):  

 

 

 

Figure 3-7: Free Body Diagram for moment about the knee. 
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Equation 3.1 

 

 

     Results of solving the above static equation for quadriceps force as a percentage of 

body weight based on the addition of weight around the center of gravity are shown in the 

table 3-1, and figure 3-8, below: 
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Table 3-1: Results of quadriceps force as a percentage of body weight and additional 
weight about the center of gravity. 

 
Percentage of body 

weight added 

Quadriceps force as a 

percentage of body weight 

with knee flexed to 15º 

Quadriceps force as a 

percentage of body 

weight with knee flexed 

to 30º 

0 % 2.04 2.2 

20 % 2.49 2.7 

25% 2.63 2.86 

30% 2.70 2.96 

40% 2.95 3.2 

Amount of Quadriceps contraction as a function of body 
weight
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Figure 3-8:  Amount of quadriceps contraction as a percentage of body weight. 

 

 

     Based on this approximation and the desired quadriceps force of three times body 

weight, 30% of body weight was added at 30º of knee flexion and 40% of body weight 

was added for 15º of knee flexion.  The addition of weight to the torso addressed 
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concerns related to possible changes in the stiffness at each site related to muscle 

contraction is due to previous research by Zheng and Mak who found that one of the 

causes of variation in general is the uncertainty of the amount of tissue in contact with the 

probe at a given site for a given posture (19) 

     Adjustments were made to the original stabilization machine to account for the 

addition of the weighted vest.  The vest was suspended from a central point above the 

subject to aid in placing and removing the vest from the subjects’ torso.  Once the vest 

was placed on the subject and secured around the torso, the rope used for suspension and 

secured with approximately four inches of slack; thus providing a safety mechanism in 

the event of a loss of balance.  This measure served to protect the subject in two ways: to 

prevent damage to an intervertebral disk should a subject begin to fall and try to catch 

themselves with the additional weight attached, and to provide a way to stop a subject 

from falling a maximum distance of four inches via the weighted vest (figure 3-9).  
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Figure 3-9: Weight vest suspended to provide stop mechanism in case of fall. 

 

 

     An amended protocol (appendix A) was submitted and approved by the Colorado 

Multiple Institution Review Board for the addition of the weight vest.  After signing the 

approved consent form and HIPAA form body fat was found using the three-site method 
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for female subjects (39), their current weight was also obtained.  Anthropometrical data 

was obtained for the female subjects at the same locations as male subjects, 2, 4, 6 and 8 

inches above the joint line and 4 and 6 inches below the joint line while standing, sitting 

relaxed and maximum voluntary contraction while standing. 

     Female subjects were secured to the stabilization machine following the same protocol 

as the male subjects.  Random order continued in the same manner as for male subjects 

and all trials were performed in a single leg squat position.  With the initial site, cuff use 

and angle determined, three unrecorded preconditioning cycles were performed.  

Recording of the initial three trials and associated analysis was dropped, as 

preconditioning was confirmed in male testing.  Following the three preconditioning 

trials, three cycles were recorded for each given testing condition.  The weighted vest was 

then placed over the subject and secured.  The three preconditioning trials were repeated 

in the new position to account for the muscle moving to a different contracted state with 

the fibers possibly in a slightly different location.  After preconditioning, three trials were 

recorded with the weighted vest.  The cuff was then either applied or removed and three 

preconditioning trials were repeated followed by three recorded trials.  The vest was then 

removed and three preconditioning cycles were performed followed by three recorded 

cycles.  This procedure was repeated for the next two sites at the initial angle, the angle 

and amount of weight in the vest changed and all three sites tested again in the same 

order using the same procedure.  
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CHAPTER 4  
 

STATISTICAL ANALYSIS OF HUMAN TESTING 
 
 
 
 

4.1 Statistical Analysis 

 

     The primary use of indentation testing in this project was to determine material 

properties, such as modulus of elasticity and stiffness.  To correctly identify material 

properties in any testing situation, some of the properties within the material must be 

known.  The primary information for man-made materials, i.e. modulus, poissons ratio 

etc, can be determined from a combination of the initial thickness of the material, the 

change in thickness, the force of indentation and the area of the indenter.  For human 

tissue, the initial depth of the tissue is variable by site and subject and not easy to 

determine in vivo with any current medical devices.  To complicate indentation testing 

further the skin itself can deform easily at low forces thereby constantly changing the 

contact area of the probe as the depth increases.  For these reasons, determination of 

exact material properties of soft tissue is difficult on a human in vivo.  Taking 

measurements of different aspects of tissue, i.e. thickness, initial depth, force and 

penetration, makes estimates of tissue properties and turns them into an accepted material 

property.  

 

 

4.2 Validity And Reliability Of Testing Procedure 

 

     Validity and reliability were established through interobserver reliability, and validity 

of the testing measurements.  Interobserver reliability was determined through testing of 
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the same subject by three observers.  Testing included three preconditioning trials 

followed by three recorded trials at the calf, with and without the cuff.  This was repeated 

three times per observer maintaining consistent rate of indentation and maximum 

displacement at the end of indentation.  Analysis of these trials found that the first person 

testing reported a stiffness of 19.32, 18.18 16.56 lb/in, the second observer recorded 

11.335, 14.397, 14.752 lb/in and the third observer recorded stiffness’ of 20.86, 19.778, 

18.49 lb/in without the cuff.  With the cuff the order of stiffness was the same with 

observer one recording stiffness values of 37.58, 43.83, 43.054 lb/in, observer two 

recorded values of 27.26, 30.48, 36.84 lb/in and observer three recorded values of 49.86, 

50.40, 54.11 lb/in.  The interobserver reliability was confirmed as observer two 

consistently recorded lower values than observer one and observer three consistently 

recorded values higher than observer one (see figure 4-1).  The intraobserver correlation 

coefficient for these tests was 0.9026. 
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Figure 4-1: Observer measurements for three trials of no cuff indentation and three trials 
of cuff indentation. 
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     Validity was determined by indentation of layered Resist-a-band (Donovan Industries, 

Tampa FL) stretched over a square wooden frame.  The sample was indented 24 times 

within the stabilization device.  The mean stiffness for this material was 3.79 lb/in with a 

standard deviation of 0.059 lb/in.  The distribution of the data tends toward a normal 

distribution with 65% of the samples within 1 percent of the mean, 20% percent below 

the mean and 15% percent above the mean.  As all samples are with in 2.36 of the mean 

the overall validity of the testing procedure contains a possible error of 2.36 percent.   

 

 

4.3 Analysis Of Stiffness Data 

 

     Stiffness is defined as the force required to deflect a unit distance, the slope of a curve 

showing force on the y-axis and deflection on the x-axis (40) and can be found from the 

linear portion of a material’s force vs. displacement curve.  For nonlinear materials this 

value is found indirectly through linear regression and is much harder to determine.  One 

method to approximate a nonlinear curve is by using a piecewise linear function to 

estimate the stiffness of the different regions.  Visual observation of the data obtained 

from the single leg standing indentation obtained in this study showed that, there is not a 

consistent single linear region for the entire area of indentation, as is expected from the 

non-linear, non-homogeneous material that comprises human tissue (19).  A piecewise 

linear approximation of the material was not clearly indicated, as there was also not a 

consistent break up of the force-displacement curve into separate linear regions.  Subject 

variability showed that there was no common trend for all subjects in terms of increasing 

or decreasing the linearity (see figure 4-2), notice that no set of three trials follows the 

same pattern of increasing or decreasing the stiffness from trial 4 through 6. 
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Figure 4-2: Three consecutive trials for two subjects (Subject 18 left column, subject 22 
right column). 
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     In 82% of the trials there was a distinct linear region while in other trials the region of 

interest displayed a quadratic behavior (see figure 4-3).  The initial slopes followed either 

a nearly asymptotic initial phase, indicative of overcoming a friction force, or a slow 

increase, which may be due to the initial contact with highly compliant tissues.  The 

friction type response was seen in 42% of the trials, lasting until a considerably stronger 

force level was reached for trials with the brace cuff than in trials under the same 

conditions without the cuff.  This confirms the hypothesis that this trend is due to an 

initial friction force between the skin and the probe or the cuff and the probe.   
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Figure 4-3: Linear (left) with initial friction and quadratic (right) initial indentation. 

 

 

     The stiffness data showed inconsistency at the end of each trial in one of two trends.  

There was either a sudden decrease in the force at a given displacement, followed by a 

linear region that was parallel to that of the region prior to the drop in force (see figure 4-

4), or a leveling off of the force with increasing distance (see figure 4-5).  Both of these 

phenomena in the end range were attributed to the balance of the subject, where the 

muscles must fire quickly to regain balance.  The sudden drop in force occurred when the 

subject began to loose their balance and took a moment to correct it.  In the leveling off 
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portion of the curve the subject could no longer maintain their testing position and the 

limb segment under indentation began to move forward with the pressure of the probe 

and was no longer increasing the force of indentation to compress the tissue onto the 

bone.  As both the beginning and end regions of the curve showed unrepeatable responses 

to the load that could not be predicted, those regions were ignored for analysis and only 

the linear region was considered (10).   
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Figure 4-4: Example of balance lost and regained end effects. 
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Figure 4-5: Example initial friction with a loss of balance that was not regained end 
effects. 

 

 

     Once all trials were reduced to their most linear region by visual inspection, a best-fit 

line was applied to the data and the coefficient of the resultant line was recorded as the 

stiffness.  Individual stiffness values and corresponding indentation information is 

available in appendix F on the accompanying CD.  The stiffness values for each trial and 

the trial condition was imported to the JMPIN 5.1 software (SAS, Cary, NC) and a 

distribution of stiffness values was generated.  All trials that were more than three 

standard deviation from the mean were excluded from further analysis as they may be 

indication of unusual movement within a particular trial and therefore not a true 

representation of the stiffness (19) (see figure 4-6).  Any change in the testing variables 

indicated a separate subgroup for analysis of the significance of the independent 

variables.  This exclusion process lead to fifteen individual trials excluded from the entire 

data set of 180 trials.  After this data was excluded, the mean and standard deviation were 
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recalculated for the remaining data.  To maintain a constant number of stiffness data 

points for further analysis, the excluded trials were replaced with the mean of the trials 

for that subject (41).  These stiffness values were similar to previous studies where the 

stiffness was found to be between 9.3 and 18.74 lb/in (see table 4-1) (14, 25, 34, 42). 

 

 

 

Figure 4-6: Data distribution with outlier more than 3 standard deviation away (left) and 
data distribution with outlier removed from analysis (right). 
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Table 4-1: Stiffness values from previous studies 
 
Author Measured 

Value 
Gender Condition/ 

location 
Converted to lb/in 

 Relaxed Cont
racte
d 

Sedentary 8.17 11.7
1 

Recreational 8.9 16.2
2 

Lui (25) 1.43 
N/mm 
2.05 
N/mm 
1.56 
N/mm 
2.84 
N/mm 
1.71 
N/mm 
3.28 
N/mm 

15 Male, 
15 Female 

Relaxed/ 
quadriceps 
Contracted/ 
quadriceps 

Competitive 9.76 18.7
4 

Brown 
(42) 

1.63 
N/mm 

1 Student 
(unknown 
gender) 

Circumferential 
thigh 

9.3 

Erickson 
(14) 

3.16 
N/mm 

Unknown Brace 
attachment site 

18.07 

Daley 
(34) 

2.28 
N/mm 

1 Male 
football 
player 

Circumferential 13.02 

No Cuff Male Femal
e 

Anterior 
thigh 

19.54 14.31 

Posterior 
Thigh 

11.62 8.83 

Current 
Study 

 6 Male, 9 
Female 

Contracted 
brace 
attachment 
site 

Calf 16.72 14.40 

 

 

     The resulting data was then statistically analyzed using two tests. A matched pairs 

analysis of the female data was performed to determine if the weight vest caused a 

statistically significant effect on the stiffness for the sites of interest.  A Bonferroni 

correction was made to the data in determining statistical significance, as there were 
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multiple comparisons of the same dependent variable.  This correction reduced the 

significance from 0.05 to 0.004 (see equation 4.1 and figure 4-7 below).  After the 

correction was made, the weight vest showed no significant effect on the stiffness for any 

of the variables or combinations of variables (see table 4-2).  Since the vest did not make 

a significant difference in the stiffness, the data set for the male subjects was included to 

determine if there is a significant difference between male and female subjects.  

Differences between location, knee angle and the use of the brace cuff, as no weighted 

vest data was also collected for the men.  The combined data set was then analyzed with a 

repeated measures univariate analysis of variance to determine what variables affected 

the stiffness and which did not.  The independent variables were the use of the cuff, the 

angle of the knee, gender and the location of indentation, while the dependent variable for 

all comparisons was stiffness.  
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Equation 4.2: Bonferroni Correction (43). 
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Figure 4-7:  Calculations for Bonferroni Correction (44) 
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Table 4-2: Comparison of weighted vest versus no weighted vest for female subjects and 

comparisons that would be significant without Bonferroni correction factor. 

 

  

95% Confidence 
Interval of the 

Difference    

  
Mean Std. 

Deviation 
Std Error 

Mean 
Lower Upper t df Sig. (2-tailed) 

Sig. 
Without 

Bonferroni 
Correction 

Pair 1 Stiffness a15c- 
Stiffness a15CV 

0.84271 13.819557 4.60652 -9.77992 11.4654 0.183 8 0.859   

Pair 2 Stiffness a15NC- 
Stiffness a15NCV 

-0.5103 1.89385 0.63128 -1.96609 0.9454 -0.81 8 0.442   

Pair 3 Stiffness a30C-
Stiffness a30CV 

0.01595 8.401957 2.80065 -6.44237 6.47426 0.006 8 0.996   

Pair 4 Stiffness a30NC- 
Stiffness a30NCV 

-2.7501 2.626216 0.87541 -4.76978 -0.73141 -3.14 8  
0.014 

 
  

Pair 5 Stiffness c15C- 
Stiffness c15CV 

-6.4138 6.796539 2.26551 -11.6381 -1.18955 -2.83 8  
0.022 

 
  

Pair 6 Stiffness c15NC-
Stiffness c15NCV 

-2.1193 2.270614 0.75687 -3.86464 -0.37394 -2.8 8  
0.023 

 
  

Pair 7 Stiffness c30C- 
Stiffness c30CV 

1.19644 5.718351 1.90612 -3.19907 5.59196 0.628 8 0.548 
  

Pair 8 Stiffness c30C- 
Stiffness c30NCV 

-0.2411 1.849593 0.61653 1.66283 1.18062 -0.39 8 0.706 
  

Pair 9 Stiffness p15C- 
Stiffness p15CV 

-2.0475 5.59307 1.86436 -6.34669 2.25174 -1.1 8 0.304 
  

Pair 10 Stiffness p15NC- 
Stiffness p15NCV 

-2.1927 2.408113 0.8027 -4.04371 -0.34163 -2.73 8  
0.026 

 
  

Pair 11 Stiffness p30C- 
Stiffness p30CV 

-5.5839 4.946463 1.64882 -9.38613 -1.78175 -3.39 8  
0.01 

 
  

Pair 12 Stiffness p30NC- 
Stiffness p30NCV 

-0.8535 1.509826 0.50328 -2.01404 0.30707 -1.7 8 0.128   
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     The results of this analysis showed that there was a significant difference between the 

posterior thigh and the calf and the posterior thigh and the anterior thigh (p<0.05).  There 

was not a significant difference between the calf and the anterior thigh at a significance 

value of p<0.05.  As location was the only variable that had more than two choices both a 

Tukey HSD and Scheffe post hoc tests were performed to verify significance and to 

isolate the locations with significant differences.  Both of the post hoc tests verified that 

there was a significant difference between the posterior thigh (p<0.05) and the other 

locations and that there is no significant difference between the anterior thigh and the 

calf.  The mean stiffness value for these locations changed based on the other variables; 

cuff presence, gender and knee angle.  However, the overall stiffness mean based on 

location was 23.197 lb/in for the anterior thigh, 23.168 lb/in for the calf and 16.575 lb/in 

for the posterior thigh.  A pairwise comparison of the cuff variable was separated into the 

on or off situation and showed a significant difference at a level of p< 0.05 in all 

combinations of knee angle, location and gender.  The overall mean stiffness differences 

for this variable did show a significant difference of 14.236 lb/in with the cuff off and a 

stiffness of 27.725 lb/in with the cuff on.  The angle of the knee had a significant effect 

between 15° and 30° of flexion at p<0.05.  The difference in stiffness for knee angle was 

less significant as the overall mean at 15° of flexion was 19.071 lb/in and the overall 

stiffness at 30° of knee flexion was 22.890 lb/in.  Gender differences showed similar 

trends, as there was a significant difference between male and female subjects in overall 

stiffness (p<0.05).  The male subjects had an overall mean stiffness of 23.684 lb/in while 

the female subjects had an overall stiffness of 18.276 lb/in, significantly different at the 

p<0.05 level.  The full results are in appendix C.  Univariate analysis also found that 

there were no interactions between the independent variables (see figure 4-8a-d).  While 

there were statistically significant differences in almost all variables, the results were 

consistent with findings in previous studies that show differences in stiffness based on 

locations and the level of contraction (15, 19, 21, 23, 35).  The determination of 
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significant difference in stiffness was used to define the number of material combinations 

needed to simulate the in vivo tissue stiffness properties in the foam sleeve prototype. 

 

 

 
  a       b 

 

  c       d 

Figure 4-8 (a-d): Interaction charts for angle (a), location (b), angle (c) and cuff presence 
(d) 
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CHAPTER 5  
 

MATERIAL TESTING 
 
 
 
 

5.1 Material Selection 

 

     After obtaining the desired material stiffness from human testing a material with 

similar properties needed to be identified for use in a model.  Of the possible materials 

available, foam was selected for several reasons: its low compressive stiffness properties, 

the repeatability of the properties within sheets of material as well as within the same 

sheet, and its moldability and formability in making a model.  A variety of seven open 

and closed cell foam samples that were estimated to be within the desired stiffness range 

to approximate soft tissue were obtained.  Testing of the materials was done in a manner 

so as to simulate the final application, fixed around a cylinder and tested by indentation 

within the stabilization fixture used for human subject testing.  Material samples were cut 

to 3-inch by 6-inch segments and then the layers secured with 3M-77 spray glue partially 

around a 2-inch diameter by 36-inch long PVC pipe so that there were three samples per 

length of pipe (figure 5-1).  The size of the sample for testing was determined based on 

the amount of material present from the sample size, maintaining a width so as to 

minimize edge effects on the indentation.  The pipe was then secured to the same testing 

mechanism used for the human subjects with the same load cell and LVDT in parallel.   
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Figure 5-1: Three foam samples applied to PVC pipe. 

 

 

     Material samples were compared to data collected from female subjects for two 

reasons.  Materials were tested in both the cuff and no cuff conditions to verify that the 

effect of the brace cuff was consistent among materials and that this stiffness with the 

cuff was similar to that found in the female human subjects.  This testing was used to 

determine which material most closely represented human muscle tissue in both 

conditions.  First, this data represents the population most as risk of knee injury (7) and 

was therefore considered as a worst-case scenario.  Second, the cadaver knee was from a 

58 year old female subject, thus maintaining consistency in the gender of the model.    

     Data was collected from 40 trials per material, 20 with the cuff and 20 without the 

cuff.  Stiffness data was obtained using the same method as for human soft tissue testing 

by taking the coefficient of the linear region of the force vs. displacement curve.   Similar 

trends were seen in the foam data as seen in human data with an initial vertical curve for 

cuff trials followed by a linear region, reinforcing the friction theory mentioned 

previously (see figure 5-2).   Identifying the linear region in this curve for each material 
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yielded the following stiffness values for a sample of several layers of material.  

Compression stiffness for each material is shown in Table 5-1 below: 
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Figure 5-2: Indentation of layered PC1229 Charcoal material sample with cuff attached. 
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Table 5-1:  Material properties for selected foam samples. 

Material No cuff stiffness (lb/in) 
With cuff stiffness 

(lb/in) 

Aesthetic Charcoal 4.71 12.82 

PC1229 Charcoal 6.72 13.63 

Yellow Sponge 7.72 17.079 

Female Posterior Thigh 

Tissue 
8.83 18.09 

Gray Polyethylene Open 

cell foam 
9.06 18.8 

Female Anterior Thigh 

Tissue 
14.31 24.65 

Female Calf Tissue 14.39 28.82 

VA35 + Gray Open Cell 

Polyethylene  
12.63 26.94 

VA-35 19.53 53.44 

EPDM Sponge 27.13 93.98 

ACL vinyl foam 31.78 82.32 

SCE 42-B closed cell 

neoprene sponge 
36.82 133.27 

 

 

     The mean stiffness values from the female subjects indicated a target stiffness for the 

anterior thigh and calf of 14 lb/in with no cuff and 26 lb/in with cuff.  For the posterior 

thigh, target values were found to be 7-10 lb/in with cuff and 18-19 lb/in cuff.  The only 

homogeneous material that met any of these requirements was the gray open-cell foam 

with a mean no cuff stiffness of 9.1 lb/in and mean cuff stiffness of 18.8 lb/in.   
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     Of the remaining materials, four were significantly stiffer than desired and three are 

less stiff.  A final model was achieved by combining layers of different materials.  

Stiffness of 14 lb/in no cuff and 26 lb/in with cuff was achieved through material 

combinations.  To achieve the target stiffness value, a ratio of 3/8 inch thickness of VA-

35 with 1.5 inch thickness of gray polyethylene open cell foam yields a cuff stiffness of 

26.94 lb/in, a value between the 24.67 lb/in for the anterior thigh and 28.82 lb/in for the 

calf found in female subjects.    

 

 

5.2 Prototype 

 

     As the femur and tibia do no lie in the true center of the soft tissue of the leg the 

construction of materials for the model do not truly represent the soft tissue cylinder.  The 

proper tissue model is achieved with a tissue bias towards the medial and posterior 

aspects of the thigh and the posterior aspect of the calf.  A CT scan was used to obtain a 

ratio of the tissue around the bone in the anterior, posterior, medial and lateral directions 

compared to the diameter of tissue.  The CT measurement was made at similar locations 

that were measured in each human subject, at 2, 4, 6 and 8 inches above the condyles and 

4, 6 and 8 inches below the condyles, for comparison.  After importing the CT scan into 

Mimics software (Materialise, Ann Arbor MI) the measurements shown in Table5-2 were 

obtained to verify the proper distribution of tissue around the bone to order to obtain a 

correctly designed tissue model: 
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Table 5-2:  Tissue thickness at selected locations from CT scan 
 

Distance from 

Condyles (inch) 

Anterior 

(inch) 

Posterior 

(inch) 

Medial 

(inch) 

Lateral 

(inch) 

2 above .79 1.74 1.56 1.24 

4 above .84 1.95 1.84 1.42 

6 above .84 1.92 2.27 1.63 

8 above 1.003 2.43 2.72 1.92 

4 below Skin only 1.76 2.06 2.21 

6 below Skin only 1.84 1.9 2.4 

8 below Skin only 1.87 1.84 2.16 

 

 

     The material chosen to represent the calf in the model was: a full layer of ¾ inch thick 

gray polyethylene open cell foam, a full layer of 3/8 inch VA-35 closed cell foam, a full 

layer of ¾ inch thick gray polyethylene open cell foam (see figure 5-3).  For the thigh 

two layers were chosen to represent the anterior and posterior sections of the model.  The 

anterior thigh utilized the same layering as the calf and the posterior thigh consists of 

between two and four layers of gray open cell foam so as to obtain a tapered effect with 

the distal end a smaller circumference than the proximal end (see figure 5-4).  The outer 

most layer of gray open cell foam was continuous over the entire cylinder (see figure 5-

5).    
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Figure 5-3: Section of inner layers for anterior section, outer layer of gray polyethylene 
open cell foam not present. 

 
 

 

Figure 5-4: Layered gray polyethylene for tapered thigh cylinder. 
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     To achieve the tapered affect for the thigh a layer of gray polyethylene was formed 

into a hollow cylinder around a sawbones model from the level of 2 inches from the 

condyles to 10 inches from the condyles.  All layers were attached using 3M-77 spray 

adhesive (3M brand, St Paul MN).  The layer completely enclosed the bone shaft with no 

overlap at the seams to best form a continuous single layer.  A layer of VA-35 was 

applied to cover the anterior ½ of the cylinder along the entire 8-inch section.  A 

matching layer of gray polyethylene was applied over the posterior portion with a slight 

overlap of the two materials to increase the amount of material on the medial aspect, 

creating the tissue bias on the medial and posterior sections of the model.  Another layer 

of gray open cell was added to the posterior aspect beginning four inches proximally 

from the base of the cylinder to cover the proximal 4-inchs and slightly overlap both the 

medial and lateral aspect.  This overlap was slightly more on the medial side of VA35 

than the lateral.  To complete the taper, a layer of gray polyethylene open cell was 

attached to span the proximal 2 inches of the cylinder, overlapping only the medial side 

was glued into place.  The final internal layers of the thigh are shown in figure 5-6.  All 

layers were trimmed to remove the blunt edges and aid in the tapered appearance.  End 

caps of 2-lb polyester foam were added to the model for aesthetics.  The construct was 

then covered in a single layer of polyethylene pulled taught to prevent gaps between the 

top layer and those beneath it and then secured with the edges meeting completely to 

form the seam (see figure 5-5).  A hot-wire was used to cut the ends as cleanly as 

possible. 
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Figure 5-5: Outer layer of gray polyethylene on thigh prototype. 

 

Figure 5-6: Internal layers of thigh prototype. 
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     Construction of the calf did not require a taper through the region constructed due to 

the tissue bias to the posterior side and small changes in tissue thickness on the posterior 

aspect of the calf.  Instead accommodations needed to include an internal hole for the 

fibula.  The innermost layer of the calf model was constructed in a similar manner to the 

thigh portion spanning between 2 and 7 inches distally from the condyles.  A half 

cylinder of polyethylene was added around the fibula to enclose the bone.  The edges of 

the new section were trimmed to create a continuous layer.  A layer of VA-35 was 

applied to cover the entire base length as well as two inches proximal to cover the 

posterior portion of the calf up to the tibial plateau.  This layer covered the posterior 

portion only, leaving the anterior portion as a single layer of foam.  The innermost layer 

of the base polyethylene was then cut away on the anterior aspect and the end cap was 

placed on the distal end (see figure 5-7).  The construct was then covered with a single 

layer of polyethylene, pulled taught with the edges meeting completely at the seam.  A 

section of polyethylene was added to the posterior portion behind the condyles to 

maintain the correct layering ratio of the material on the posterior aspect.  The edges were 

trimmed by hot wire.  The final prototypes for both sections are shown in figure 5-8. 

 

 

 

Figure 5-7: Calf prototype internal layers. 
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Figure 5-8: Thigh and calf prototype cylinders side by side. 

 

 

5.3 Material Validation 

 

The completed prototype was tested using the same methods as human testing.  A 

sawbones leg was secured into the stabilization device, taking into account bending 

flexibility by securing both ends of the bone to the steel bars as close to the foam cylinder 

as possible.   Testing sites included the three locations tested previously: the anterior 

thigh, posterior thigh and calf.   Each location was tested over 10 cycles with the cuff and 

10 cycles without the cuff.   

     The relationship of force vs. displacement for the prototype test showed the same 

trend noted previously, with human subject, of a noticeable initial force needed to begin 

displacement.  This initial force, suspected to overcome friction between the cuff and the 
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skin, larger for the cuff condition than the no cuff condition (see figures 5-9a, 5-9b).   A 

best-fit line applied to the linear portion of the curve was used to determine the stiffness 

of the prototype. 
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Figure 5-9 (a, b): a (left) Indentation example of prototype initial stiffness with no cuff. b 
(right) Example of indentation of prototype with the cuff. 

 

 

     The collected data from the prototype was then compared to the data of the female 

population to determine the mean and test for differences between the means.  The mean 

data are shown in Table 5-3 and figure 5-10, below: 
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Table 5-3: Means and standard error for stiffness of human testing and prototype data 

 
Testing 
condition 

 15° data 30° data Prototype data 

Mean 14.233 14.39 12.96 Anterior thigh 
no cuff Standard error .6716 .6716 1.1035 

Mean 23.45 25.64 24.04 Anterior thigh 
with cuff Standard error 2.52 2.57 4.22 

Mean 13.864 14.9287 12.2928 Calf no cuff 
Standard error .7102 .7102 1.1669 
Mean 26.77 30.83 27.47 Calf with cuff 
Standard error 1.3099 1.2604 2.0711 
Mean 7.5784 10.0024 10.5349 Posterior thigh 

no cuff Standard error .38752 .38027 .62485 
Mean 17.5652 19.2031 20.4787 Posterior thigh 

with cuff Standard error 1.1357 1.1802 1.8661 
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Figure 5-10:  Mean stiffness values of 15°, 30° and the prototype for each location tested  
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     All means were statistically tested using both the Tukey HSD and t-test comparisons.  

Significance was defines at a p-value of <0.05.  Results from the data shown in table 5-3 

showed a significant difference between the 15° and 30° cases but the prototype was not 

significantly different from either mean.  The posterior thigh of female subjects with no 

cuff found no significant difference between the prototype and the 30° mean.  Both 

showed a significant difference to the 15° mean.  All other comparisons were not 

significant. 

     Based on the comparison testing of the model of all selected materials within an 

enclosed cylinder, the layering of the material represents human testing stiffness values 

within the given testing conditions. 
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CHAPTER 6  
 

CADAVER VALIDATION 
 
 
 
 

6.1 Cadaver Verification Of Tissue Model 

 

     Verification of this new tissue prototype included the application of the foam cylinder 

designed and validated in the previous section to a cadaver knee.  This composite knee 

was then subjected to loading applications with and without an ACL brace to assess the 

interactions between the brace and the knee under various loading conditions.  The 

success of the prototype for the desired application was based on three objectives.  The 

first was the fit of the brace: Was there good compliance between the brace and the 

prototype for the purposes for which the brace was designed?  The second was to 

determine if testing with the prototype produced realistic results for anterior translation 

under loading conditions.  The final method for determining the sensitivity of the 

prototype was the presence of differences in the anterior motion of the knee for different 

brace designs.  

 

 

6.2 Cadaver Considerations 

 

     Cadaver testing has some inherent limitations.  One of these is the intrinsic biologic 

difference between specimens (42).  Because of these biological differences a large 

number of specimens are needed to establish any significant differences between ACL 

braces (42).  A significant limitation of cadaver models is the lack of active musculature.  

The changes in the compliance of soft tissue around the thigh have been shown to affect 
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the strain of the ACL (32); this causes more compliance and can make the stability of the 

knee joint two to three times weaker than the leg of a living athlete (42).  Some of this 

lack of compliance is due to the loss of intravascular pressure, interstitial and intracellular 

volume (24) as well as the lack of muscle tone, which can significantly alter the normal 

physiology and viscoelastic response.  The lack of tissue tone is particularly important 

when testing knee braces as the tissue provides a primary mechanical interface between 

the brace and the limb.  The brace and limb acts as a composite under loading (24).  In 

addition to the lack of muscle control, realistic conditions may not be met as the cadaver 

model allows for brace application and strap tension at levels much higher than those that 

can be tolerated in vivo (29).  Repeated testing of cadaver knees must also include the 

possibility of subclinical damage to the ligament at near failure levels: levels at which 

brace effectiveness is most important (42).  The damage to the ligament will alter the 

response of the specimen during testing (45).    

 

 

6.3 Cadaver Preparation 

 

     Two knees were tested for this model.  They were the right and left knees of a 58-

year-old, 5’ 3”, 130 lb female specimen.  The knees were separated from the torso 

leaving approximately 10 inches proximal from the joint line and 9 inches distal from the 

joint line.  All tissue was removed to within 3 inches of the femoral condyles and the 

remaining bone cleared of a majority of the tissue.  Tissue from the posterior section of 

the tibia was removed to the joint line, maintaining the posterior aspect of the capsule 

while allowing for the foam cylinder to come closer to the joint line (see figure 6-1).  
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Figure 6-1:  Knee dissection and foam prototype combined. 

 

 

6.3.1 Right Leg Specimen 

 

     Conformity of the foam to the bone required that the inner diameter of the foam and 

the diameter of the bone be similar.  To find the diameter of the bone prior to dissection, 

a fluoroscope was used on the specimen to determine the diameter of the femur and tibia 

around the mid shaft.  Based on these measurements, the diameter of the femur was 1 ¼” 

and the diameter of the tibia was 1 ⅛”.  Round wood rods of these diameters were used to 

construct the foam cylinders for the specimen.  The cylinders were constructed in the 

same manner and measurements as the prototype. 

     Once all tissue was removed from the bone while maintaining all tissue around the 

knee joint, intramedullary rods were inserted into the femur and tibia.  Gorilla glue was 

applied to the shaft of the bones and the foam cylinders were slid on to touch the 

remaining soft tissue at 3 inches proximal to the femoral condyles and 1 inch distal.  The 

tibia foam cylinder covered some of the medial and lateral soft tissue to reach the desired 

proximal position.  The proximal and distal interfaces between the foam and the bone 

were adhered with more Gorilla glue.  The knee was then aligned within the KneeBuster 
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testing machine to its neutral position and Dynacast (Kindt Collins CO, Cleveland OH) 

potting compound secured the neutral alignment.  Neutral alignment was defined as the 

position in which the axis of the KneeBuster and the flexion axis of the knee were 

parallel. 

     Once aligned, the knee was removed from the KneeBuster and all braces were applied 

and adjusted to achieve the correct fit.  Fit was based on the continuity of the foam 

cylinder to the brace cuff and along the joint line.  All straps were adjusted in accordance 

to manufacturer’s instructions for length and comfort padding placement.  The knee was 

then placed back in the knee buster and preconditioned. 

     Preconditioning was performed on the unbraced knee initially and included three 

flexion extension cycles, ten compression cycles to the 1155N maximum, ten anterior 

force cycles to the 225N maximum and ten cycles of 10N m of valgus force at both 15 

and 30 degrees of flexion.  Once preconditioning was complete the knee was brought 

back to 15° of flexion.  Each trial was recorded for the following loading conditions:   

1) 225N anterior force with no compression of the joint;  

2) 298N of compression applied with 225N anterior force;   

3) 1155N compression force with 225N anterior force;   

4) 298N compressive force with 10N m valgus force;   

5) 1155N compressive force with a 10 Nm valgus force;   

6) 10 Nm valgus force with no joint compressive force;    

     For each loading application the compressive force was applied first when applicable 

and then the anterior or valgus force was applied.  The anterior force was applied at a 

constant rate and once 225N was achieved the load was removed to minimize any 

viscoelastic effects on the tissues.  The removal of load was a reduction in the anterior 

force followed by the reduction in the compressive force.  The knee was allowed to 

recover until it reached the start anterior position within 0.5mm or 3 minutes, whichever 

occurred first.  The angle was then changed to 30° of flexion and the same six loading 

conditions were applied and the data recorded in the same order as at 15°.   
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     Once the unbraced ACL intact knee was tested in each of the twelve loading 

conditions, the DonJoy ForcePoint brace was applied at 15° of flexion and tightening the 

straps in order and according to manufactures instructions.  Data was collected during the 

application of the brace to assess the manufactures claim that the brace produces a 

posterior force when applied correctly to aid in the protection of the ACL.  The posterior 

movement of the ForcePoint brace during application was 0.44 mm.  The knee then 

cycled through three anterior loading applications to allow the brace to settle onto the 

knee and foam layers.  The six loading conditions were recorded.  The knee was then 

moved to 30° and conditioned with three anterior loading cycles to allow for any 

migration then the six loading combinations were applied.  The brace was then removed 

and the Breg Fusion brace (Orthofix, Netherlands Antilles) was applied according to 

manufactures instructions at 30°.  The same procedure to allow for brace migration 

followed by loading combinations was followed at 30° then 15° of flexion.  The brace 

was then removed and the DonJoy Armor brace was applied at 15° according to 

manufactures instructions.  The posterior movement of the tibia during application was 

again recorded and found that the brace moves the tibia 0.85 mm posterior during 

application when tightening straps in the correct order.  The loading combinations were 

applied at 15° and then 30° of flexion.   

     Following verification of the data for the ACL intact knee the ACL was cut and the 

testing procedure was repeated.  The posterior movement of the tibia due to strap 

tensioning was recorded to check for differences between the ACL intact and deficient 

differences.  For the ACL deficient case the ForcePoint moved posterior 2.55mm once all 

straps were applied and the Armor moved 2.87 mm posterior. 

     Two main concerns arose during all testing of the right leg included the amount of 

bending present in the bone during the application of loading, both compression and 

anterior loading, and the lack of enough of the prototype foam sleeve under the straps 

closest to the knee joint.  The tibial and femoral bending was due to the large moment 

arm between the applied load and the axis of the knee joint in order to accommodate the 
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size of the brace and the distance from the joint to the fixation point on the femur.  The 

distance from the joint to the femur fixation was approximately 18 inches and the 

distance from the joint to the tibia fixation for load application was 10 inches.  Based on 

the height of the subject there was not enough bone available to get more than ¼” within 

the Dynacast fixation, if any.  This created bending within the rod itself, not transferring 

the load to the bone and joint as closer fixation would.  Another concern was that the 

brace straps closest to the knee joint did not contact the foam cylinder throughout the 

entire strap on either the femur or the tibia.  The resulting effect from bending was that 

the anterior translation measured could not be entirely attributed to loading of the ACL 

and the effect of the brace.  The lack of material over the brace straps closest to the knee 

joint created a discontinuity between the foam sleeve and the flaccid cadaver tissue for 

brace interface.  This discontinuity may alter the measured efficacy of the brace during 

testing. 

 

 

6.3.2 Left Leg 

 

     Preparation of the left leg addressed the concerns mentioned previously in regards to 

bending.  To increase the amount of rigid fixation along the bone and reduce the bending 

moment a 1 ½” outer diameter aluminum tube was cut to length to span from the distal 

fixation points of the femur and tibia to as close to the joint as possible before the bone 

expands out to the condyles and plateau respectively.  Once the intramedullary rods were 

inserted into the bones, the aluminum tube was slid over the bone and filled with 

Dynacast to secure the aluminum to the bone.  Once the Dynacast was hardened, the 

newly designed foam cylinders were slid into place and secured with Guerrilla glue.  

Adjustments to the foam cylinders from the previous model included two alterations to 

the interface between the foam and the tissue.  On the femur, cylinder notches were cut 

with the hot wire to allow the foam to extend distally from the condyles while still 
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maintaining the tissue around the capsule.  The second adjustment was to the tibial 

cylinder where the hot wire was used to remove foam from the anterior surface of the 

cylinder by approximately half of its initial thickness.  This increased the realistic tissue 

distribution, as there is mostly only skin covering the anterior surface of the tibia.  

     The knee was then placed in the KneeBuster with the aluminum tubes extending into 

the distal potting tubes.   The knee was again aligned to its neutral axis and potted using 

Dynacast.  Once the potting was secured, the knee was removed from the machine and 

the braces adjusted to fit.  For the left leg the three braces used for testing were the 

DonJoy ForcePoint, the DonJoy Armor and the DonJoy Defiance brace.  The Defiance 

brace is a custom brace while the other two are considered off-the-shelf braces.  

     The knee was then placed back in the KneeBuster for preconditioning.  

Preconditioning was similar to the right leg with three flexion-extension cycles, ten 

maximum compression cycles, ten maximum anterior force cycles and ten valgus force 

cycles at 15° and 30°.  With the knee in a neutral position at 15° the Armor brace was 

applied to the knee according to manufactures instructions.  The posterior motion of the 

knee during the strap tightening sequence was again recorded and found a difference of 

2.89 mm posterior motion for the ACL intact knee.  The knee was then conditioned in 

three cycles of compression, anterior motion and valgus force to allow for any brace 

migration.  The same loading cycles were performed for the left knee as were done for 

the right, combining compressive force with anterior and valgus forces.  The knee was 

again allowed to recover until it reached its original anterior position or three minutes, 

whichever occurred first.  The knee was then moved to 30° and the same process repeated 

including the three cycles to allow for migration.  The brace was then removed and 

unbraced motion was recorded following the three precondition cycles at each angle, as 

was done for the braced condition.  Application of the brace requires some manipulation 

of the knee and foam sleeve in order for the brace hinge to align with the condyles, the 

unbraced testing was done at this time to maintain a similar starting position of the knee.  

The ForcePoint brace was then applied; obtaining data on posterior motion during strap 
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tightening at 15°, per manufactures instructions.  The posterior movement of the 

ForcePoint during strap tightening was 1.63 mm.  The same procedure of preconditioning 

and testing were performed at 15° and 30° of flexion.  The brace was then changed to the 

Defiance brace and the same procedure was performed.  Once all testing was completed 

the brace was removed and preconditioning and testing was performed on the unbraced 

knee again to check for subclinical damage to the knee, increasing anterior motion of the 

knee from initial testing cycle.  Once the data was verified with no anomalies of motion, 

the ACL was severed and the testing was repeated in the same order of brace and load 

application.  Posterior movement due to the strap tightening was recorded for the three 

braces.  The Armor moved 1.71mm, the ForcePoint moved 2.94 mm and the defiance 

moved 2.62 mm posterior.   

 

 

6.4 Results Of Testing 

 

     Results of testing represent multiple comparisons of the cadaver data to verify that the 

prototype can interact with the cadaver knee in a realistic way.   

 

 

6.4.1 Brace Compliance 

 

     The integration of the brace and the knee was an important aspect of prototype 

construction, as one of the problems with cadaver testing is the lack of compliance 

between the flaccid soft tissue and the brace.  As mentioned previously, the cylinders 

were tapered and included a tissue bias to simulate the distribution of tissue around the 

femur and tibia.  By doing so the applied brace fit similarly to in vivo tissues at the 

desired points of contact; the joint line, proximal thigh cuff attachment and distal tibial 
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attachment maintained contact along the medial and lateral bars of the brace (see figures 

6-2, 6-3, 6-4).   

 

 

 

Figure 6-2:  Prototype with DonJoy Armor brace on sawbones model 

 

Figure 6-3: Prototype with ForcePoint brace on cadaver model. 
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Figure 6-4:  Prototype with ForcePoint brace on cadaveric knee, side view. 

 
 

6.4.2 Generalized Anterior Motion Results  

 

     Data from all testing conditions were compiled into a spreadsheet of simultaneous 

output of motion in the six degrees of freedom: flexion/extension, varus/valgus, 

internal/external rotation, anterior/posterior motion, compression/distraction and 

medial/lateral motion as well as the load cell readings.  The maximum acquisition rate 

available through the software was 15Hz.    

     Displacements at 100 Newtons and 150 Newtons with no compressive load were 

taken from the data of the ACL intact knee both braced and unbraced and compared to 

clinical expectations for anterior motion.  Previous studies by Branch, Ott and Cawley 

(24, 29, 37) measured anterior translation of the knee based on applied anterior tibial 
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force.  The amount of translation for the braced and unbraced knee in the current study 

was similar to the translational values found in previous studies for both human and 

cadaver knees.  The results of this comparison are in table 6-1.   

 

 

Table 6-1:  Displacement results from previous studies compared to current study, intact 
ACL 
 

Author Study Type Angle Load Displacement 

Branch (37) 
Human (in 

vivo) 
25° 15 lbs/ 20 lbs 

Intact-4 mm/ 6 mm 

Deficient-7 mm/ 12 mm 

Ott (29) Cadaver 30° 125N 
11.8 mm intact, brace range 

7.3-10.5mm 

Cawley (24) Cadaver 30° 93N/ 155N 

Unbraced 12.3 mm/ 

18.55mm 

Braced 12.55-17.45mm/ 3.8-

11.72mm 

Current 

Study 
Cadaver 15° 100 N/ 150 N 

Unbraced intact 10.72-14.85 

mm / 13.09-19.01mm 

Braced intact 5.02-13.51mm/ 

7.51-16.01mm/14.55-

20.19mm 

Current 

Study 
Cadaver 30° 100 N/ 150 N 

Unbraced intact 5.62-13.83 

mm / 8.98-16.63 mm 

Braced intact 5.17-12.57mm 
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     Each brace tested was slightly different in design.  The DonJoy braces were all similar 

in that they all have the hard cuff on the anterior thigh and posterior calf.  All other 

attachment sites are due to strap tightening.  The Breg brace was different in that all hard 

shell components were on the anterior surface of the leg; strap tightening was, again, used 

for attachment. 

     Each brace tested was subjected to the same loading conditions in the same order of 

testing for both the ACL intact and ACL deficient cases.  Comparison of the data for each 

brace included some subjective measure of where to compare displacement from.  

Anterior translation data for each condition is strictly based on position of the knee.  This 

position changes as the compressive force is applied to the knee.  The tibia slides anterior 

along the condyles as the compressive force through the tibia increases.  Each brace and 

unbraced condition had a slightly different amount of anterior translation due to 

compressive loading (see figure 6-5).  Flexion angle also affected the amount of anterior 

motion due to compression, with the larger flexion angle having more anterior translation 

during compression.  This can be seen when comparing total displacement to anterior 

force (see figure 6-6).  While no anterior force is applied initially there is anterior 

displacement of the tibia.  Once anterior force was applied to the tibia, the initial 

displacement under small forces was large in most cases.  This is the expected laxity 

region of the ACL where there is little resistance to motion until the fibers become taught 

(see figure 6-7).  To compare the actual displacement while the ACL is under stress the 

displacement from the point of load application was defined to be the point of inflection 

when larger force is needed to produce displacement (see figure 6-8).  
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Left ACL intact 15° Difference in anterior translation under compression 
loading
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Figure 6-5:  Differences in anterior motion due to level of compressive force 
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A/P Force vs total displacement with 2 times body weight 
compressive force
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A/P force vs total displacement with 2 times body weight 
compressive force
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Figure 6-6:  Anterior motion due to compressive force at 30° (top) and 15° (bottom), the 
end of anterior motion due to compression is indicated by an arrow. 
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A/P Force vs total displacement w ith 1/2 body weight 
compressive force
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Figure 6-7: Laxity region as force is applied, laxity defined by the deflection. 

A/P Force vs displacement from load application with 1/2 body 
weight compression
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Figure 6-8:  Displacement of same test from the point of load application, defined from 
deflection point.  
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     Comparison of each brace versus the unbraced condition in this manner is shown in 

figures 6-9 through 6-14.  Each graph contains anterior motion vs. anterior force for the 

ACL intact (int) and ACL deficient (def) testing of the same knee.  Each figure contains a 

set of graphs one at 15° and one at 30° for the combination of compression and anterior 

force.  Note that in figures 6-9 and 6-12 both the unbraced pre-test and unbraced post-test 

for the ACL deficient knee appears to backtrack as the load level decreases and the 

anterior displacement continues to increase.  This was due to the compression force 

applied.  As the anterior force reaches a point where the convex surface of the condyles is 

no longer preventing anterior translation the anterior displacement increases suddenly but 

the force on the load cell is not the same due to the momentum of the motion moving the 

platform anterior faster than the pneumatic cylinder.  This same trend was experienced to 

a greater degree for the twice body weight compression testing as well. 
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Right ACL intact and deficient 15° force vs displacement from load, No 
compression
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Right ACL intact and deficient 30° force vs displacement from load, No 
Compression
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Figure 6-9:  Comparisons of all right leg braces and unbraced condition for no 
compression. 
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Right ACL intact and deficient 15° force vs displacement from load, 1/2 body 
weight compression
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Right ACL intact and deficient 30° force vs displacement from load, 1/2 body 
weight compression
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Figure 6-10:  Comparison of all right braces and unbraced condition for ½ body weight 
compression load. 
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Right ACL intact and deficient 15° force vs displacement, 2 times body 
weight compression
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Right ACL intact and deficient 30° force vs displacement, 2 times body 
weight compression
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Figure 6-11:  Comparison of all left braces and unbraced condition for 2 times body 
weight compression load. 
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Left ACL intact and deficient 15° force vs displacement from load, No 
compression
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Left ACL intact and deficient 30° force vs displacement from load, No 
compression
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Figure 6-12: Comparison of all left braces and unbraced condition for no compression 
load. 



 

 

83

Left ACL intact  and deficient 15° force vs displacement from load, 1/2 body 
weight compression

-40

-35

-30

-25

-20

-15

-10

-5

0

5

-50 0 50 100 150 200 250

Force (N)

D
is

pl
ac

em
en

t (
m

m
)

Unbraced-PreTest (def) Unbraced-Post Test (def) ForcePoint (def)
Armor (def) Defiance (def) Unbraced-PreTest (int)
Unbraced-Post Test (int) ForcePoint (int) Armor (int)
Defiance (int)

 
Left ACL intact and deficient 30° force vs displacement from load, 1/2 body 

weight compression
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Figure 6-13: Comparison of all left braces and unbraced condition for ½ body weight 
compression load. 
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Left ACL intact and deficient 15° force vs displacement, 2 times body weight 
compression
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Left ACL intact and deficient 30° force vs displacement, 2 times body weight 

compression
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Figure 6-14: Comparison of all left braces and unbraced condition for 2 times body 
weight compression load. 
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     Note cases in which this method of analysis does not produce valid results: the full 

compression cases for ACL deficient cases with full compression and ACL intact for the 

left leg.  In the case of full compression for the ACL deficient left leg, the end range for 

measuring anterior translation was reached before the full load was applied (figure 6-15).  

In the other full compression cases there is a sudden anterior motion at approximately 

100N of anterior force.  This is believed to be the point at which the condyles and tibial 

plateau are no longer able to maintain position during compression and slide quickly 

against each other before the capsule is stressed to reduce motion (see figure 6-16).  For 

these cases the numerical displacements from the point of inflection are misleading and 

therefore not subject to the same interpretation.  

 

 

A/P force vs Position with 2 times body weight compression
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Figure 6-15:  End range reached prior to full application of force. 
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A/P force vs total displacement with 2 times body weight 
compressive force
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Figure 6-16:  Arrow indicates the sudden anterior motion with minimal force application 
during full compression. 

 

 

     The expected increase in anterior translation between and ACL intact knee and ACL 

deficient knee was also observed in all anterior loading conditions (see figure 6-17).  Due 

to the subtle differences between the braces, there appears to be a realistic interaction 

between the foam prototype and the cadaver knee.  All data and graphing files are 

available in the appendix G included on CD.  
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Left ACL intact and deficient 15° force vs displacement from load, No 
compression
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Figure 6-17: ACL intact vs. ACL deficient knee testing for three braces. 

 

 

6.4.3 Generalized Valgus Motion 

 

     Lack of an automated application of load provided inconsistent valgus motion data.  

For all cases of applied valgus moment with half or full body weight compression, the 

motion was small enough that noise from the sensors masked any valgus motion (see 

figure 6-18).  For the no compression case the lack of a smooth curve within the data was 

due to the lack of a continuous and smooth application of loading (see figure 6-19).  The 

complete valgus data with no compression is in appendix D, data with ½ body weight 

compression is in appendix G on the CD. 
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2 times body weight compression valgus force vs displacement ACL 
intact 15°
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Figure 6-18:  Motion data for valgus moment application with full compression, note the 
magnitudes are in the hundredths of a degree. 
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Right ACL intact 15° valgus force vs 
displacement, No compression
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Left ACL deficient 30° moment vs 
displacement, No compression
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Figure 6-19:  Valgus force data found difficulty in effectively collecting motion data 
without pneumatic application. 
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CHAPTER 7  
 

DISCUSSION AND CONCLUSIONS 
 
 
 
 

7.1 Discussion 

 

     Development of the prototype used for cadaver testing included many different 

aspects of material testing and analysis.  A variety of angles and the amount of muscle 

contraction were tested for both male and female subjects in order to better simulate 

stiffness during dynamic motion.  The data collected from these tests defined the search 

parameters for open and closed cell foams.  The final product was subjected to the 

loading cycles involved in cadaver testing. 

     This project expanded previous ACL brace research for testing on cadavers by 

including a non-cadaver tissue surrogate.  The focus of this study was on building a 

correct composite for the entire brace interface, both upper and lower leg.  Material 

testing and selection was based on the material properties of multiple areas of the tissue.  

Tissue testing of human subjects focused on the proximal and distal areas of attachment, 

which are the main sites of interest for securing a brace.   

 

 

7.1 Human Testing Conclusions 

 

     Material testing and selection was based on the stiffness properties found by indenting 

multiple tissue areas in vivo.  Tissue testing of human subjects was performed by 

securing a brace at the proximal and distal areas of brace cuff attachment.  The testing of 

both male and female athletic populations demonstrated a distinction in tissue properties 
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and yielded target stiffness values from which to determine an acceptable material.  

Statistical analysis of the data showed some consistency in the stiffness of specific areas 

in that the mean and standard deviation were not excessive, however, there was enough 

variation between trials of the same subject that each trial was considered a separate 

subject for analysis.  This may be partly due to slight changes in the muscle contraction 

needed to maintain the testing position due to either balance issues or fatigue, both of 

which would alter the amount of underlying muscle contraction for a specific trial.  These 

factors may lead to slightly different stiffness values for any given trial.  Multiple testing 

on several subjects found that the mean stiffness was similar for each testing condition.  

The significance of fatigue creating an erroneous stiffness difference was reduced by the 

randomization of testing; all stiffness values remained near the mean regardless of the 

order of testing.  Overall, the data appear fairly consistent and within previously reported 

mean values from multiple testing methods.  

     Some important considerations from the human testing are the differences in the 

stiffness of the tissue between male and female subjects.  As female subjects have a lower 

stiffness in all locations than male subjects, the interface between the brace and the leg 

will also be different.   Future indentation testing that include force platforms may help to 

eliminate the problems with stiffness differences within subjects as well as the loss of 

balance at the end range of indentation in several different ways.  Force platforms 

combined with EMG can determine the foot force profile for a specific level of 

contraction.  This profile can then be used to verify that the level of muscle contraction is 

consistent over all indentation trials.   

     One aspect of tissue stiffness that was not indicated as strongly as previous research 

would suggest was the difference between men and women for the posterior calf.  The 

muscle stability of the knee is believed to be quadriceps-dominant in women and 

hamstring-dominant in men (3).  However, the stiffness differences determined in our 

data between the anterior thigh and posterior thigh between men and women did not 

indicate this.  The greatest difference between men and women was in the anterior thigh 
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where the men had 21% and 51% higher stiffness than the women at 15° and 30°, 

respectively. The difference in stiffness for the posterior thigh was 28% and 30% at 15° 

and 30°, respectively.  These differences do not appear to coincide with the theorized 

increased muscle activity to stabilize the knee in the single leg squat position.  If the 

quadriceps are the main stabilizer for women, and the hamstrings for men, the difference 

between the stiffness in men and women should be greater for the posterior thigh than the 

anterior thigh.  The implications of the possible lack of muscle activity increase for knee 

stability in the athletic population needs further study, during which the muscle 

contraction during testing is controlled. 

 

 

7.3 Material Selection Conclusion  

 

     Selection of a material with which to simulate the properties of human tissue stiffness 

was in part limited to the local availability of materials, as compression stiffness is not a 

commonly reported material property.  While this was the case in this study, the material 

selected was similar to the type of materials used in other studies and the combination of 

materials for the different locations of the leg incorporates more realistic tissue properties 

into a cadaveric model.  The key to development of the prototype was the interface 

between the materials needed to produce the correct stiffness on the anterior, and the 

posterior surfaces of the bone.  Additionally, a tissue bias was included to provide 

tapering in to, and out of, the joint area.   Future constructs may increase the realistic 

nature of the tissue by eliminating the layers needed to obtain the tissue bias by using a 

single thick layer with the correct properties for each location.  This would eliminate 

concern about the effect that the spray glue, used to secure the layers together, has on the 

property of the foam. 
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7.4 Cadaver Conclusions 

 

     The cadaver testing was designed to determine if there could be proper interaction 

between the foam prototype, the cadaver knee, and the brace in a way so as to correctly 

fit and apply a brace as it would be used in the athletic setting.  The cadaver testing was 

not designed to determine the effectiveness of one brace compared to another.  Once the 

prototype was applied, the testing determined if the prototype was realistic enough to 

detect changes and effectiveness between brace designs.  These differences were detected 

in all cases, including cases where all of the data could not be collected due to reaching 

the end of the range in which linear motion could be detected.  Consistency and 

repeatability of these results were hindered by the amount of load applied; producing 

what appeared to be subclinical damage to the joint itself.  The indication of possible 

damage was shown by increased anterior motion with loading between the pre-test 

unbraced condition and the post-test unbraced condition in all loading combinations.  The 

other issue that caused problems in the outcome of the cadaver testing was the difference 

in the initial anterior position of the knee, unbraced compared to braced, as loading 

began.  If the unbraced knee did not begin at a similar position to the braced knee, the 

knee was not at the same flexion angle when compression began, causing differences in 

the amount of anterior translation that occurred for a specific force applied. 

     There are some interesting trends to note during loading (figure 7-1).  The first is that 

for the ACL intact knee the use of the brace does not appear to make a large difference in 

preventing anterior motion.  Throughout the application of load both the braced and 

unbraced intact knee follow similar curves, with less than 5 mm difference at the 225 

Newton anterior loads.  These intact curves appear to have no deviation in the amount of 

force needed to produce similar displacements for any of the braced or unbraced 

conditions.  For the ACL deficient knee the brace does make a difference at the lower 

loading levels, as noted by Beynnon (32), for higher loading levels the brace is no longer 

effective at reducing anterior translation.   For loading less than 100 Newtons the braced 
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conditions reduce anterior motion by 5-10 mm compared to the unbraced knee, while at 

higher loading levels the difference between the braced and unbraced is less and 5 mm.  

More testing of cadaver knees is needed to determine true differences between brace 

designs and their effectiveness at physiologic loading levels. 
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Figure 7-1:  Left knee under anterior loading. 

 

 

7.5 Future Uses 

 

     Future uses of the soft tissue prototype include the ability to do more vigorous testing 

of knee braces for efficacy testing.  The model has been validated as having the same 

properties as contracted muscle for young female athletes.  This leads to a question as to 

whether or not having material properties that simulate male subject’s changes the 
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effectiveness of the brace and what effect would this have on design and manufacturing.  

More important would be the addition of a strain gage on the ACL for the intact case, to 

determine not only the translation but the actual strain of the ACL.  Strain measurements 

may help to better determine what is happening during full compression at 30° when the 

sudden anterior motion occurs.  Answers to these questions will help to ultimately 

determine a comparative efficiency of ACL braces.   

 

 

7.6 Summary 

 

     Overall, the foam sleeve model achieved the set goals: realistic tissue properties 

comparable to that of in vivo subjects, and successful integration with the cadaver knee 

and brace.  In vivo testing determined stiffness values of the tissue as well as the brace 

composite and demonstrated the differences in location and muscle contraction in terms 

of significant stiffness differences.  Material testing identified materials that satisfied the 

stiffness’ found in vivo that was not statistically different to any of the in vivo testing 

variations.  Application of the prototype to the cadaver knee fulfilled the requirements of 

both the compatibility of the shape of the brace to the shape of the prototype and 

responded as expected during anterior loading of the knee.  For an initial prototype this 

model has met the stated criteria.  Further research into the cadaver applications for brace 

testing will determine the overall validity of the foam sleeve prototype.
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APPENDIX A  

 
HUMAN SUBJECTS TESTING PROTOCOL AND CONSENT 

 
 
 
 
A.1 Final Protocol Approved 

 

Protocol Approval              
 
 
Date:                                        Valid For Use Through:___________ 
 
 

COLORADO MULTIPLE INSTITUTIONAL REVIEW BOARD 
 

“Development of a Leg Analog for Use in Testing Knee Braces” 
 

 
Principal Investigator: Joel M. Bach, PhD 

Protocol 
May 3, 2005 Version 5/COMIRB Protocol Number 04-0720  

 
Study Objectives 
 
The purpose of this study is to quantify the stiffness of leg tissues circumferentially.  This 
stiffness will be quantified via blunt indentation via a cuff applying the load over a larger 
area.  The blunt indentation will provide the basic data whereas the larger area will 
represent the application of an anterior cruciate ligament brace cuff.   
 
Background 
 
There are many inherent problems in the testing of orthopedic ACL braces for 
effectiveness:   

• Using human subjects allows for testing in simulated conditions; however, the 
measurement of translation is limited in the accuracy of measurement; 

•  Using mechanical models allows for full injury force but does not have the soft 
tissue properties of the capsule.  Mechanical analogs of the knee have been used 
in orthopedic brace testing in the past;   
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• Cadaver testing will include the tissue capsule properties but not the properties of 
the muscle and surrounding tissue and their contribution to the effectiveness of 
the brace.  

 
The muscle components of the knee have several different effects on the knee joint itself, 
as well as the ability of an ACL brace to stabilize the knee.  Muscle contraction will 
change the diameter of the leg, altering the fit of a brace.  It will also cause a compression 
of the knee joint as the muscles shorten and bring the tibia closer.   This compression 
helps to stabilize the knee by forcing the “congruent surfaces” together; this may be a 
protective mechanism for the ACL 1.   
 
There has been little research into the development of a material composition that can 
mimic the contribution of muscle to ACL brace effectiveness.  A previous study has used 
high-density foam surrounding a steel core for use in tissue compliance testing for ACL 
braces.  This study measured tissue compliance through transducers measuring 
displacement with the leg in a relaxed state as well as a contracted state.   The stiffness 
values were measured using blunt indentation and the model applied to a surrogate leg2 
that had no capsular soft tissue contribution.   Findings from the surrogate model yielded 
a difference in the effectiveness of both the orthoses itself as well as a difference between 
subject populations while in the contracted state2. 
 
Methods 

I. Recruiting 
Recruitment of subjects will be done through the athletic department of 
the Colorado School of Mines.  Potential subjects will be identified 
through contact with the athletic training department during the fall sports 
season.  Initial contact will be through co-investigator Kerry Jones, as a 
member of the athletic training staff, and through inquiries among the 
athletes.   

II. Consent 
The investigators attaining consent have completed both the 101 and 201 
NIH classes.  The investigators will be able to answer questions of the 
subject.   
 
The subject will be given a consent form upon their verbal agreement to 
participate in the study.  The basic procedure will be explained and any 
questions by the subject will be addressed at this time. 
 
Written consent will be obtained at the time of testing, and any further 
questions will be answered.  Comprehension of the subjects will be 
ascertained as they explain their understanding of the procedure to the 
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investigators prior to testing.  At the time of testing, a copy of the consent 
document will be provided to the subject.  
 
The original signed consent form will be kept in a non-public file by the 
investigators for the duration of the study and 1 year following completion 
of the study. 
 

III. Authorization 
Authorization for use of the collected data will be obtained at the time of 
written consent.  This authorization includes the use of demographic 
information as well as all data collected in the testing process (see 
Appendix A).   A copy of this signed authorization will be provided to the 
patient at the time of testing.    
 
Protected information will remain private by the use of a subject number 
on all documents following the time of enrollment.  Identifying 
information of the subject will be removed prior to the use and analysis of 
data. 

IV. Treatment Intervention or Observation 
There will be no placebo for this study.  All patients will be asked to 
participate in the same testing, none of which is considered part of any 
routine medical care by the investigators.  The purpose of this study is the 
collection of data; therefore, biasing of patients is unnecessary. 

V. Inclusion/ Exclusion 
Inclusion Criteria:  Subjects who are of the physical condition required of 
a male division II collegiate athlete and female division II collegiate 
athlete level between the ages of 18 and 24 years of age.  
Exclusion Criteria:  Subjects will be excluded if they present with (1) a 
current leg injury, (2) a history of muscular injury of 2+ degree or higher 
on the dominant leg, (3) current skin damage of the leg,  (4) BMI of 39 or 
higher. 

VI. Selection of Population 
Subjects will be selected from a male population of college athletes.  
Ethnicity is not a consideration.  The population will be composed of male 
athletes in the collision sports of football and soccer as well as the contact 
sport of baseball. Other male athletes will also be recruited as athletic 
training contact indicates.   
Following verification of this procedure, female athletes will be selected 
from the same population.  The female athlete population will be 
composed of a combination of athletes within the 6 female varsity sports. 
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VII. Patient Accrual 
Up to 75 collegiate athletes will be recruited for this study, all of them 
locally. 

VIII. Duration 
The study is expected to last six months, with subject recruitment in the 
initial six months of the study.  

IX. Exams, Tests, Procedures, Follow-up 
Testing procedure for data collection will consist of multiple steps, 
occurring in a single appointment, if possible. Testing will begin with the 
subject filling out personal identifying information with a subject number 
will be assigned for all further documentation.  Once the subject receives a 
corresponding subject number the anthropometrical data will be collected.  
 
The subject will sit with the dominant leg outstretched and the following 
distances will be marked from the central joint line of the knee: 2 inches 
above, 4 inches above, 6 inches above, 8 inches above, the joint line itself, 
4 inches below and 8 inches below.  The circumferential length at each of 
these distances will then be measured, in centimeters, in a relaxed state, a 
maximum voluntary contraction and standing positions. 
 
Once current weight is determined skin fold measurements will be taken 
on the right side of the mid-triceps, inferior scapular boarder and the mid-
abdominal region for men and the triceps, suprailliace and thigh for 
women. This will be repeated three times, per normal caliper testing 
procedure. 
 
Once all anthropometrical data has been collected the following tests will 
be conducted in a random order and the results recorded, excluding the 
initial 2-3 trials for preconditioning and recording the final 3.  Steps 1-18 
will be performed at 15 and 30 degrees of knee flexion.  For all steps, 
applied force and resulting displacement will be recorded. For those steps 
that include a weight vest a specific load protocol follows step 18. 

1.) The hip and knee will be stabilized and a blunt indenter will be 
applied to the anterior midline of the thigh with the subject’s 
entire body weight supported by the stabilized leg.  The force 
will be to patient tolerance. 

2.) The hip and knee will be stabilized and a blunt indenter will be 
applied to the anterior midline of the thigh with the subject’s 
entire body weight supported by the stabilized leg and the 
patient exerting maximum voluntary contraction of the 
standing leg.  The force will be to patient tolerance. 
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3.) The hip and knee will be stabilized and a blunt indenter will be 
applied to the anterior midline of the thigh with the subject’s 
entire body weight plus weight vest will be supported by the 
stabilized leg.  The force will be to patient tolerance. 

4.) The hip and knee will be stabilized and a brace cuff with a load 
cell will be applied following manufactures directions.  The 
subject will stand on the stabilized leg and the cuff will be 
pushed anterior.  The force will be to patient tolerance. 

5.) The hip and knee will be stabilized and a brace cuff with a load 
cell will be applied following manufactures directions. The 
subject will stand on the stabilized leg and exert maximum 
voluntary contraction of the stabilized leg.  The cuff will then 
be pushed anterior.  The force will be to patient tolerance. 

6.) The hip and knee will be stabilized and a brace cuff with a load 
cell will be applied following manufactures directions.  The 
subject will stand on the stabilized leg with weighted vest and 
the cuff will be pushed anterior.  The force will be to patient 
tolerance. 

7.) The hip and knee will be stabilized and a brace cuff with a load 
cell will be applied following manufactures directions. The 
subject will stand on the stabilized leg and exert maximum 
voluntary contraction of the stabilized leg.  The cuff will then 
be pushed posterior.  The force will be to patient tolerance. 

8.) The hip and knee will be stabilized and a brace cuff with a load 
cell will be applied following manufactures directions.  The 
subject will stand on the stabilized leg and the cuff will be 
pushed posterior.  The force will be to patient tolerance. 

9.) The hip and knee will be stabilized and a brace cuff with a load 
cell will be applied following manufactures directions. The 
subject will stand on the stabilized leg with a weighted vest.  
The cuff will then be pushed posterior.  The force will be to 
patient tolerance. 

10.) The hip and knee will be stabilized and a blunt indenter will be 
applied to the posterior midline of the thigh with the subject’s 
entire body weight supported by the stabilized leg and the 
patient exerting maximum voluntary contraction of the 
standing leg.  The force will be to patient tolerance. 

11.) The hip and knee will be stabilized and a blunt indenter will be 
applied to the posterior midline of the thigh with the subject’s 
entire body weight supported by the stabilized leg.  The force 
will be to patient tolerance. 
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12.) The hip and knee will be stabilized and a blunt indenter will be 
applied to the posterior midline of the thigh with the subject’s 
entire body weight plus a weighted vest supported by the 
stabilized leg.  The force will be to patient tolerance. 

13.) The knee and ankle will be stabilized and a blunt indenter will be 
applied to the posterior midline of the calf with the subject’s 
entire body weight supported by the stabilized leg.  The force 
will be to patient tolerance. 

14.) The knee and ankle will be stabilized and a blunt indenter will be 
applied to the posterior midline of the calf with the subject’s 
entire body weight supported by the stabilized leg and the 
patient exerting maximum voluntary contraction of the 
standing leg.  The force will be to patient tolerance. 

15.) The knee and ankle will be stabilized and a blunt indenter will be 
applied to the posterior midline of the calf with the subject’s 
entire body weight plus weight vest supported by the stabilized 
leg.  The force will be to patient tolerance. 

16.) The knee and ankle will be stabilized and a cuff with a load cell 
will be applied according to manufactures directions.  The 
subject will stand on only the stabilized leg and the cuff will be 
pushed anterior.  The force will be to patient tolerance. 

17.) The knee and ankle will be stabilized and a cuff with a load cell 
will be applied according to manufactures directions.  The 
subject will stand on only the stabilized leg and exert 
maximum voluntary contraction.  The cuff will then be pushed 
anterior.  The force will be to patient tolerance. 

18.) The knee and ankle will be stabilized and a cuff with a load cell 
will be applied according to manufactures directions.  The 
subject will stand on only the stabilized leg with a weighted 
vest and the cuff will be pushed anterior.  The force will be to 
patient tolerance. 

Weight for the vest will be determined by body weight.  For both the 15 
degree knee flexion angle and the 30 degree knee flexion angle the vest will 
not exceed 40% body weight, within ½ lb.   

To prevent injury to the subject due to a loss of balance, the vest will be 
suspended by a cast iron steel and pulley support that is capable of supporting 
a 650 lbs working load, sufficient to support a falling subject, and a stop 
height of approximately 6 inches below the initial level of the patient.  

X. Drugs, Devices Used 
There will be no new drugs or devices used in this study. 
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XI. Protected Health Information 
The protected health information that will be collected includes name, 
contact information, age, weight, and percentage body fat.  This 
information will be used only to identify whom the data was collected 
from in the event that further testing will be needed.  Each patient may 
attain his or her data at the time of collection.  If they wish to attain their 
personal information after this time they must make an appointment with 
an investigator.  At that time only their data will be made available to 
them.  
All collected information will be kept in a locked file.  This will include 
files containing personal identifying information and the separate data 
collection sheets.   HIPAA forms will be kept with the personal 
information.  All computer database files will be kept on a removable disk 
that will be stored with the locked non-computer files.   Computer files 
will not be used on a networked computer, providing a secure connection. 

XII. Data and Safety Monitoring Plan 
Analysis of the data will include the use of the collected information to 
define an average subject for use in later research.  This will include 
finding a median stiffness value and how it will relate to body composition 
of the sample stiffness value.  The investigators and those associated with 
the project will perform all data analysis. 
 
Adverse events will be monitored in a patient-by-patient basis.  The 
investigators will note any injuries as the study progress.  Repeated 
injuries under the same conditions will be reported to the IRB and the 
study stopped until the cause can be determined and rectified.  Analysis 
will begin when a minimum of 10 patient data sets, in each population, 
have been collected. 
 
There will be no safety monitoring board employed for this study. 
 
The completion of data forms and the recruitment of subjects will be 
monitored by both investigators.  Collecting only data that is described on 
the data sheet will ensure staying within the parameters of the study. 
 

Risks to Patient 
 
The anticipated risks to the patient are due to contact areas for testing.  Skin irritation at 
the site of the brace cuff and skin caliper application is possible and would be transitory. 
Bruising at the site of blunt indentation application and cuff position is possible due to 
the forces exerted for testing.  There is also a risk of minor muscle strains due to maximal 
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contraction testing. Fatigue of the subject during weight vest testing is also possible as 
well as minor bruising from the vest support if the subject were to fall while wearing the 
vest. 
 
Risks to Investigators 
 
There are no known risks to the investigators at this time. 
 
Benefits 
 
There are no anticipated therapeutic benefits to the patient.  Benefits of this study are 
based on data collected. The collected data will be used to determine the physical 
properties of the brace contact area for development of a physical analog model of the 
knee.   
 
Funding 
 
This project is a self-funded student research study. 
 
 

Works Cited 
 
1   Beynnon BD, Johnson RJ, Fleming BC, Peura GD, Renstrom PA, Nichols CE, Pope 
MH.  “ The effect of functional knee bracing on the anterior cruciate ligament in the 
weightbearing and nonweightbearing knee.”  The American Journal of Sports Medicine 
1997: 25(3); 353-59. 
 
2    Liu SH, Daluiski A, Kabo M.  “ The effects of thigh soft-tissue stiffness on the control 
of anterior tibial displacement by function knee orthoses.”  Journal of Rehabilitation 
Research and Development, May 1995: 32(2); 135-140. 
 



 

 

111

A.2 Patient Consent Form 

 

Consent Form Approval              
 
Date:                                        Valid For Use Through:___________ 

COLORADO MULTIPLE INSTITUTIONAL REVIEW BOARD 
 

“Development of a Leg Analog for Use in Testing Knee Braces” 
 

Principal Investigator: Joel M. Bach, PhD 
SUBJECT CONSENT FORM 

May 3, 2005 Version 5/COMIRB Protocol Number 04-0720  
Project Description 
  
You are being asked to participate in a research study designed to see how stiff the soft tissues of 
the leg are in areas where a knee brace would normally contact the leg.  This information may 
prove to be useful in the design of knee braces. 
  
You are being asked to be in this study because you are a college level, competitive, athlete.  
 
Up to 75 local volunteers will be enrolled in this research study.  

                 
Procedures   
 
If you agree to take part in this study, we will ask you to do the following: 
 
Have your body fat tested by using skin fold calipers.  The calipers are a way to estimate 
percentage of body fat by pinching the skin in the areas of your triceps, shoulder blade area and 
abdominal region for men and triceps, hip bone and thigh region for women.  You will also have 
the circumference of your thigh and calf measured with a tape measure.  
 
Your hip and knee will be held steady while you stand on your leg with your knee slightly bent, 
approximately 15 degrees from straight.  While standing in this position, a 2.5 cm probe will be 
pressed against the front of your thigh with the maximum pressure at the higher end of your 
comfort level.   This will be repeated again on the back of your thigh.    
 
With your knee bent again in the same position, the same places on your leg will be tested with a 
knee brace frame that has been cut to use only the top strap.  The cuff surrounds the front half of 
your leg and again the maximum pressure applied will be within your comfort level will be 
measured.  This will be repeated again on the back of the thigh.  
 
We will then keep your knee and ankle held steady, with your knee at the same angle.  We will 
use the same two types of pressure to test the area on the back of your calf.  
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Each of the above measurements will be done six to eight times. 
 
You will be asked to repeat the same tests with your knee at 30 degrees, about a third of how bent 
your knee would be to sit in a chair. 
 
The same tests may also be performed in each position with you contracting your leg muscles as 
hard as you can in each position, again repeated three times. 
Before changing position you will also be asked to wear a weighted vest.  This vest will contain 
up to 40% of your body weight, depending on the position of your leg.  The same tests will be 
performed with this vest as done without.  The protect you the vest will be suspended so that in 
case you lose your balance you will fall a maximum of six inches.  
 
Resting of your standing leg will be allowed as often as needed. If, at any time, the testing 
becomes painful, the process will be stopped and the pressure reduced to prevent discomfort. 
 
Discomforts and Risks 
 
Risks of participating in this study may include possible skin irritation and/or minor bruising of 
the thigh or calf area.  There is the possibility of a muscle strain, though unlikely, during 
maximum muscle contraction testing.  There is also the possibility of muscle fatigue in the legs or 
back during the weighted vest testing. This study may also include risks that are unknown at 
this time. 
 
Benefits 

   
This study is designed for the researcher to learn more about the way that the tissues of your leg 
react to pressure from the straps of a knee brace.  This study is not designed to treat any illness or 
to improve your health.  Also there are risks as mentioned in the Risk Section. 
 
Study Sponsor 
 
This study is self-funded. 
 
Cost to Subject 
 
There is no cost to you for participating in this study. There will be no charge for any procedures 
required by the study. 
 
Subject Payment 
 
You will not be paid for participation in this study.   
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Study Withdrawal 
 
Taking part in this study is voluntary.  You have the right to choose not to take part in this study.  
If you choose to take part, you have the right to stop at any time.  If there are any new findings 
during the study that may affect whether you want to continue to take part, you will be told about 
them.   
 
The study personnel may decide to stop your participation without your permission, if he or she 
thinks that being in the study may cause you harm, or for any other reason. 
 
Invitation for Questions 
 
The researchers carrying out this study are Joel M. Bach, PhD and Kerry Jones, ATC . You may 
ask any questions you have now. If you have questions later, you may call Kerry Jones at 303-
522-9577 or Joel Bach at 303-384-2161.  You will be given a copy of this form to keep.  
 
 If you have questions regarding your rights as a research subject, please call the Colorado 
Multiple Institutional Review Board (COMIRB) office at (303) 724-1055. 
 
Confidentiality 
 
We will try to keep your research records confidential, but this cannot be guaranteed.  Records 
that identify you (including your medical records) and the consent form signed by you, may be 
looked at by the following people: 
 

• Federal agencies that oversee human subject research 
• Colorado Multiple Institution Review Board 
• The investigator and research team for this study 
• The sponsor or an agent for the sponsor 
• Regulatory officials from the institution where the research is being conducted, to ensure 

compliance with policies or monitor the safety of the study 
 
The results of this research may be presented at meetings or in published articles.  However, your 
name will be kept private. You will also be asked to sign a separate authorization form. This form 
will explain who will have access to your protected health information. 

 
Injury and Compensation 
 
You should inform your care provider(s) if you decide to participate in this research study. If you 
have questions about injury related to the research, you may call Joel M. Bach PhD at 303-384-
2161 and/or your private physician. Joel M. Bach, PhD should be informed about any injury you 
experience while you take part in this study. 
 
If you are hurt by this research, we will help to arrange for your medical care if you want it, but 
you will have to pay for the care that is needed.   
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AUTHORIZATION: 
 
I have read this paper about the study or it was read to me. I understand the possible risk and 
benefits of this study.  I know that being in this study is voluntary.  I choose to be in this study.  I 
know I can stop being in this study at any time.  I will get a copy of this consent form.  (Initial all 
the previous pages of the consent form). 
 
Signature:______________________  Print Name ____________________    Date___________ 

subject     
 
Consent form explained by: ________________Print Name ______________  Date___________ 
 
Investigator ______________________________   Date __________
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APPENDIX B  

 
HUMAN TESTING STABILIZATION MACHINE DESIGN 

 
 
 
 

 
Figure B-1: 15 Degree Stabilization Drawing 
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Figure B-2:  15 Degree Stability Board Drawing Continued. 
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Figure B-3:  30 Degree Stability Board Drawing. 
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Figure B-4:  30 Degree Stability Board Drawing Continued. 
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Figure B-5:  Electronics Housing Assembly Drawing. 
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Figure B-6:  Subject Safety Stabilization Drawing. 
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Figure B-7:  Subject Safety Stabilization Continued. 
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APPENDIX C  

 
UNIVARIATE ANALYSIS 

 
 
 
 
Univariate Analysis of Variance 
 
 
[DataSet4] C:\Documents and Settings\Kerry\My Documents\thesis\Female 
testing\stats\combined-alltrials.sav 
 
 Between-Subjects Factors 
 
  Value Label N 

0 anterior 180
1 calf 180

location 

2 posterior 180
0 15 270angle 
1 30 270
0 no cuff 270cuff stat 
1 cuff 270
0 male 216sex 
1 female 324

 
 Descriptive Statistics 
 
Dependent Variable: stiff  

location angle cuff stat sex Mean Std. Deviation N 
male 17.025856 5.0479318 18 
female 14.233696 2.9765050 27 

no cuff 

Total 15.350560 4.1223753 45 
male 28.991817 11.1720754 18 
female 23.649370 16.9029660 27 

cuff 

Total 25.786349 14.9685861 45 
male 23.008836 10.4795107 36 
female 18.941533 12.9262474 54 

15 

Total 

Total 20.568454 12.1121585 90 
male 22.051722 7.3369663 18 
female 14.390348 4.4238478 27 

anterior 

30 no cuff 

Total 17.454898 6.8388650 45 
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male 39.579667 14.9590317 18
female 25.657448 11.7534794 27

cuff 

Total 31.226336 14.6855140 45
male 30.815694 14.6231934 36
female 20.023898 10.4740238 54

  

Total 

Total 24.340617 13.3299926 90
male 19.538789 6.7095875 36
female 14.312022 3.7353780 54

no cuff 

Total 16.402729 5.7134315 90
male 34.285742 14.0762387 36
female 24.653409 14.4553020 54

cuff 

Total 28.506342 14.9957522 90
male 26.912265 13.2287961 72
female 19.482716 11.7217197 108

  

Total 

Total 

Total 22.454536 12.8400776 180
male 17.038489 3.8269262 18
female 13.864048 4.4012485 27

no cuff 

Total 15.133824 4.4247478 45
male 31.473000 8.8531964 18
female 26.818130 3.9539876 27

cuff 

Total 28.680078 6.6962360 45
male 24.255744 9.9378234 36
female 20.341089 7.7405344 54

15 

Total 

Total 21.906951 8.8452124 90
male 16.391483 4.9154175 18
female 14.928667 3.5093252 27

no cuff 

Total 15.513793 4.1397525 45
male 33.995417 7.1176994 18
female 30.838222 8.9092738 27

cuff 

Total 32.101100 8.3020468 45
male 25.193450 10.7717578 36
female 22.883444 10.4619635 54

30 

Total 

Total 23.807447 10.5879564 90
male 16.714986 4.3539188 36
female 14.396357 3.9790636 54

no cuff 

Total 15.323809 4.2647628 90
male 32.734208 8.0195399 36
female 28.828176 7.1221340 54

cuff 

Total 30.390589 7.6942434 90
male 24.724597 10.3007696 72
female 21.612267 9.2479094 108

calf 

Total 

Total 

Total 22.857199 9.7748470 180
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male 9.934833 1.9160937 18 
female 7.661613 1.3619553 27 

no cuff 

Total 8.570901 1.9449899 45 
male 20.599256 9.7513436 18 
female 17.565152 6.6730525 27 

cuff 

Total 18.778793 8.0815458 45 
male 15.267044 8.7871515 36 
female 12.613382 6.9092220 54 

15 

Total 

Total 13.674847 7.7783018 90 
male 13.307472 4.1459948 18 
female 10.002396 2.7049295 27 

no cuff 

Total 11.324427 3.6940507 45 
male 33.823889 7.6395654 18 
female 19.708648 6.1217417 27 

cuff 

Total 25.354744 9.6746286 45 
male 23.565681 12.0388634 36 
female 14.855522 6.7801797 54 

30 

Total 

Total 18.339586 10.1383002 90 
male 11.621153 3.6134824 36 
female 8.832005 2.4279458 54 

no cuff 

Total 9.947664 3.2455132 90 
male 27.211572 10.9318625 36 
female 18.636900 6.4342332 54 

cuff 

Total 22.066769 9.4601486 90 
male 19.416363 11.2680539 72 
female 13.734452 6.9054144 108 

posterior 

Total 

Total 

Total 16.007216 9.3090162 180 
male 14.666393 5.0451560 54 
female 11.919786 4.3566256 81 

no cuff 

Total 13.018429 4.8190204 135 
male 27.021357 10.8504326 54 
female 22.677551 11.2842859 81 

cuff 

Total 24.415073 11.2760290 135 
male 20.843875 10.4614334 108 
female 17.298668 10.0903584 162 

15 

Total 

Total 18.716751 10.3681233 270 
male 17.250226 6.6249336 54 
female 13.107137 4.2035279 81 

no cuff 

Total 14.764373 5.6620498 135 
male 35.799657 10.6784976 54 
female 25.401440 10.1886816 81 

Total 

30 

cuff 

Total 29.560727 11.5421125 135 
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male 26.524942 12.8470372 108
female 19.254288 9.9188885 162

  Total 

Total 22.162550 11.7161797 270
male 15.958309 6.0026899 108
female 12.513461 4.3087977 162

no cuff 

Total 13.891401 5.3200604 270
male 31.410507 11.5863186 108
female 24.039495 10.8037376 162

cuff 

Total 26.987900 11.6766726 270
male 23.684408 12.0296214 216
female 18.276478 10.0373805 324

  

Total 

Total 

Total 20.439650 11.1861636 540
 
 
Tests of Between-Subjects Effects 
 
Dependent Variable: stiff  

Source 
Type III Sum 
of Squares df Mean Square F Sig. 

Corrected Model 36930.100(a) 23 1605.657 27.151 .000 
Intercept 228188.794 1 228188.794 3858.594 .000 
location 5029.678 2 2514.839 42.525 .000 
angle 1889.535 1 1889.535 31.951 .000 
corn 23581.530 1 23581.530 398.756 .000 
MorF 3790.244 1 3790.244 64.092 .000 
location * angle 294.625 2 147.313 2.491 .084 
location * corn 195.887 2 97.944 1.656 .192 
angle * corn 484.124 1 484.124 8.186 .004 
location * angle * corn 17.229 2 8.614 .146 .864 
location * MorF 407.453 2 203.727 3.445 .033 
angle * MorF 449.678 1 449.678 7.604 .006 
location * angle * MorF 462.650 2 231.325 3.912 .021 
corn * MorF 499.438 1 499.438 8.445 .004 
location * corn * MorF 98.894 2 49.447 .836 .434 
angle * corn * MorF 175.740 1 175.740 2.972 .085 
location * angle * corn * 
MorF 134.226 2 67.113 1.135 .322 

Error 30515.108 516 59.138    
Total 293046.032 540     
Corrected Total 67445.208 539     

a  R Squared = .548 (Adjusted R Squared = .527) 
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Estimated Marginal Means 
 
 1. Grand Mean 
 
Dependent Variable: stiff  

95% Confidence Interval 
Mean Std. Error Lower Bound Upper Bound 

20.980 .338 20.317 21.644
 
 
 2. location 
 
Dependent Variable: stiff  

95% Confidence Interval 
location Mean Std. Error Lower Bound Upper Bound 
anterior 23.197 .585 22.048 24.347
calf 23.168 .585 22.019 24.318
posterior 16.575 .585 15.426 17.725

 
 
 3. angle 
 
Dependent Variable: stiff  

95% Confidence Interval 
angle Mean Std. Error Lower Bound Upper Bound 
15 19.071 .478 18.133 20.010
30 22.890 .478 21.951 23.828

 
 
 4. cuff stat 
 
Dependent Variable: stiff  

95% Confidence Interval 
cuff stat Mean Std. Error Lower Bound Upper Bound 
no cuff 14.236 .478 13.297 15.174
cuff 27.725 .478 26.787 28.663
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 5. sex 
 
Dependent Variable: stiff  

95% Confidence Interval 
sex Mean Std. Error Lower Bound Upper Bound 
male 23.684 .523 22.656 24.712
female 18.276 .427 17.437 19.116

 
 
 6. location * angle 
 
Dependent Variable: stiff  

95% Confidence Interval 
location angle Mean Std. Error Lower Bound Upper Bound 

15 20.975 .827 19.350 22.601anterior 
30 25.420 .827 23.794 27.045
15 22.298 .827 20.673 23.924calf 
30 24.038 .827 22.413 25.664
15 13.940 .827 12.315 15.566posterior 
30 19.211 .827 17.585 20.836

 
 
 7. location * cuff stat 
 
Dependent Variable: stiff  

95% Confidence Interval 
location cuff stat Mean Std. Error Lower Bound Upper Bound 

no cuff 16.925 .827 15.300 18.551anterior 
cuff 29.470 .827 27.844 31.095
no cuff 15.556 .827 13.930 17.181calf 
cuff 30.781 .827 29.156 32.407
no cuff 10.227 .827 8.601 11.852posterior 
cuff 22.924 .827 21.299 24.550

 
 
 8. angle * cuff stat 
 
Dependent Variable: stiff  

95% Confidence Interval 
angle cuff stat Mean Std. Error Lower Bound Upper Bound 

no cuff 13.293 .676 11.966 14.62015 
cuff 24.849 .676 23.522 26.177
no cuff 15.179 .676 13.852 16.50630 
cuff 30.601 .676 29.273 31.928
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 9. location * angle * cuff stat 
 
Dependent Variable: stiff  

95% Confidence Interval 
location angle cuff stat Mean Std. Error Lower Bound Upper Bound 

no cuff 15.630 1.170 13.331 17.928 15 
cuff 26.321 1.170 24.022 28.619 
no cuff 18.221 1.170 15.922 20.520 

anterior 

30 
cuff 32.619 1.170 30.320 34.917 
no cuff 15.451 1.170 13.153 17.750 15 
cuff 29.146 1.170 26.847 31.444 
no cuff 15.660 1.170 13.361 17.959 

calf 

30 
cuff 32.417 1.170 30.118 34.715 
no cuff 8.798 1.170 6.500 11.097 15 
cuff 19.082 1.170 16.784 21.381 
no cuff 11.655 1.170 9.356 13.954 

posterior 

30 
cuff 26.766 1.170 24.468 29.065 

 
 
 10. location * sex 
 
Dependent Variable: stiff  

95% Confidence Interval 
location sex Mean Std. Error Lower Bound Upper Bound 

male 26.912 .906 25.132 28.693 anterior 
female 19.483 .740 18.029 20.936 
male 24.725 .906 22.944 26.505 calf 
female 21.612 .740 20.159 23.066 
male 19.416 .906 17.636 21.197 posterior 
female 13.734 .740 12.281 15.188 

 
 
 11. angle * sex 
 
Dependent Variable: stiff  

95% Confidence Interval 
angle sex Mean Std. Error Lower Bound Upper Bound 

male 20.844 .740 19.390 22.29815 
female 17.299 .604 16.112 18.486
male 26.525 .740 25.071 27.97930 
female 19.254 .604 18.067 20.441
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 12. location * angle * sex 
 
Dependent Variable: stiff  

95% Confidence Interval 
location angle sex Mean Std. Error Lower Bound Upper Bound 

male 23.009 1.282 20.491 25.527 15 
female 18.942 1.046 16.886 20.997 
male 30.816 1.282 28.298 33.334 

anterior 

30 
female 20.024 1.046 17.968 22.080 
male 24.256 1.282 21.738 26.774 15 
female 20.341 1.046 18.285 22.397 
male 25.193 1.282 22.675 27.711 

calf 

30 
female 22.883 1.046 20.828 24.939 
male 15.267 1.282 12.749 17.785 15 
female 12.613 1.046 10.557 14.669 
male 23.566 1.282 21.048 26.084 

posterior 

30 
female 14.856 1.046 12.800 16.911 

 
 
 13. cuff stat * sex 
 
Dependent Variable: stiff  

95% Confidence Interval 
cuff stat sex Mean Std. Error Lower Bound Upper Bound 

male 15.958 .740 14.505 17.412no cuff 
female 12.513 .604 11.326 13.700
male 31.411 .740 29.957 32.864cuff 
female 24.039 .604 22.853 25.226
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 14. location * cuff stat * sex 
 
Dependent Variable: stiff  

95% Confidence Interval 
location cuff stat sex Mean Std. Error Lower Bound Upper Bound 

male 19.539 1.282 17.021 22.057 no cuff 
female 14.312 1.046 12.256 16.368 
male 34.286 1.282 31.768 36.804 

anterior 

cuff 
female 24.653 1.046 22.598 26.709 
male 16.715 1.282 14.197 19.233 no cuff 
female 14.396 1.046 12.340 16.452 
male 32.734 1.282 30.216 35.252 

calf 

cuff 
female 28.828 1.046 26.772 30.884 
male 11.621 1.282 9.103 14.139 no cuff 
female 8.832 1.046 6.776 10.888 
male 27.212 1.282 24.694 29.730 

posterior 

cuff 
female 18.637 1.046 16.581 20.693 

 
 
 15. angle * cuff stat * sex 
 
Dependent Variable: stiff  

95% Confidence Interval 
angle cuff stat sex Mean Std. Error Lower Bound Upper Bound 

male 14.666 1.046 12.610 16.722 no cuff 
female 11.920 .854 10.241 13.598 
male 27.021 1.046 24.965 29.077 

15 

cuff 
female 22.678 .854 20.999 24.356 
male 17.250 1.046 15.194 19.306 no cuff 
female 13.107 .854 11.428 14.786 
male 35.800 1.046 33.744 37.856 

30 

cuff 
female 25.401 .854 23.723 27.080 
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 16. location * angle * cuff stat * sex 
 
Dependent Variable: stiff  

95% Confidence Interval 
location angle cuff stat sex Mean Std. Error Lower Bound Upper Bound 

male 17.026 1.813 13.465 20.587 no cuff 
female 14.234 1.480 11.326 17.141 
male 28.992 1.813 25.431 32.553 

15 

cuff 
female 23.649 1.480 20.742 26.557 
male 22.052 1.813 18.491 25.613 no cuff 
female 14.390 1.480 11.483 17.298 
male 39.580 1.813 36.019 43.141 

anterior 

30 

cuff 
female 25.657 1.480 22.750 28.565 
male 17.038 1.813 13.478 20.599 no cuff 
female 13.864 1.480 10.957 16.772 
male 31.473 1.813 27.912 35.034 

15 

cuff 
female 26.818 1.480 23.911 29.726 
male 16.391 1.813 12.831 19.952 no cuff 
female 14.929 1.480 12.021 17.836 
male 33.995 1.813 30.434 37.556 

calf 

30 

cuff 
female 30.838 1.480 27.931 33.746 
male 9.935 1.813 6.374 13.496 no cuff 
female 7.662 1.480 4.754 10.569 
male 20.599 1.813 17.038 24.160 

15 

cuff 
female 17.565 1.480 14.658 20.473 
male 13.307 1.813 9.747 16.868 no cuff 
female 10.002 1.480 7.095 12.910 
male 33.824 1.813 30.263 37.385 

posterior 

30 

cuff 
female 19.709 1.480 16.801 22.616 
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Post Hoc Tests 
location 
 Multiple Comparisons 
Dependent Variable: stiff  

  (I) location (J) location

Mean 
Difference (I-

J) Std. Error Sig. 95% Confidence Interval 

            Lower Bound 
Upper 
Bound 

Tukey 
HSD 

anterior calf -.402663 .8106089 .873 -2.307995 1.502668

    posterior 6.447319(*) .8106089 .000 4.541988 8.352651
  calf anterior .402663 .8106089 .873 -1.502668 2.307995
    posterior 6.849983(*) .8106089 .000 4.944651 8.755314
  posterior anterior -6.447319(*) .8106089 .000 -8.352651 -4.541988
    calf -6.849983(*) .8106089 .000 -8.755314 -4.944651
Scheffe anterior calf -.402663 .8106089 .884 -2.392602 1.587276
    posterior 6.447319(*) .8106089 .000 4.457380 8.437258
  calf anterior .402663 .8106089 .884 -1.587276 2.392602
    posterior 6.849983(*) .8106089 .000 4.860044 8.839921
  posterior anterior -6.447319(*) .8106089 .000 -8.437258 -4.457380
    calf -6.849983(*) .8106089 .000 -8.839921 -4.860044

Based on observed means. 
*  The mean difference is significant at the .05 level. 
Homogeneous Subsets 
 stiff 

Subset 
  location N 1 2 

posterior 180 16.007216   
anterior 180  22.454536 
calf 180  22.857199 

Student-Newman-
Keuls(a,b) 

Sig.  1.000 .620 
posterior 180 16.007216   
anterior 180  22.454536 
calf 180  22.857199 

Tukey HSD(a,b) 

Sig.  1.000 .873 
posterior 180 16.007216   
anterior 180  22.454536 
calf 180  22.857199 

Scheffe(a,b) 

Sig.  1.000 .884 
Means for groups in homogeneous subsets are displayed. 
 Based on Type III Sum of Squares 
 The error term is Mean Square(Error) = 59.138. 
a  Uses Harmonic Mean Sample Size = 180.000. 
b  Alpha = .05.
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APPENDIX D  

 
COMPLETE VALGUS DATA 

 
 
 
 

Right ACL intact 15° valgus moment vs 
displacement, No compression
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Right ACL intact 30° valgus moment vs 
displacement, No compression
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Right ACL deficient 15° valgus moment vs 
displacement, No compression
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Right ACL deficient 30° valgus moment vs displacement, 
No compression
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Left ACL Intact 15° valg\us moment vs displacement, No 
compresson
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Left ACL Intact 30° valgus moment vs displacement, 
No compresson
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Left ACL deficient 15° valgus moment vs displacement, 
No compresson
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Left ACL deficient 30° valgus moment vs displacement, 
No compression
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Figure D-1:  Valgus displacement graphs for all no compression testing cases. 




