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The tearing of the anterior cruciate ligament (ACL) is one of the most common 

sports related injuries, occurring over 250,000 times a year in the United States. If a 

revision of the ACL is not performed, abnormal knee kinematics may occur, further 

damaging the knee. The purpose of this study was to examine the tensile and 

viscoelastic properties of two common ACL replacement grafts as a function of surgical 

size and number of strands. All test samples were sized and grouped according to a 

novel sizing technique, mimicking standard surgical procedure. The comparison 

properties derived from this test include the relaxation rate, recovery rate, ultimate 

tensile force (UTF), ultimate tensile stress (UTS), strain at failure, and Young’s modulus.  

For the first evaluation, the groups for comparison included two-strand tendons 

with loop diameter (LD) sizes that ranged from 7.00 mm to 7.75 mm (Group 1) and 8.00 

mm to 8.75 mm (Group 2). Four groups were then defined: two LD groups created from 

AT tendons (AT1, AT2) and two LD groups created from PL tendons (PL1, PL2). A one-

way ANOVA for UTF determined the AT2 group had a 493.0 N higher UTF compared to 

AT1 and an 871.8 N higher UTF compared to PL1. Additionally, the PL2 group had a 

744.7 N higher UTF compared to the PL1 group. A Browne-Forsythe for cross-sectional 
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area (CSA) determined the AT2 group had a 9.02 mm2 higher CSA compared to the 

AT1 group and a 7.50 mm2 higher CSA compared to the PL1 group. Additionally, a 

Browne-Forsythe for CSA determined the PL2 group had a 9.48 mm2 higher CSA 

compared to the AT1 group and a 7.96 mm2 higher CSA compared to PL1 group. 

For the second evaluation, the AT two-strand graft (AT3) was compared to the 

PL four-strand graft (PL4). The AT3 graft had an LD size ranging from 9.00 mm to 9.75 

mm. The PL4 graft had an LD size ranging from 10.00 mm to 10.75 mm. A two-sample 

t-test determined the PL4 group had a 661 N higher UTF and a 14.49 mm2 larger CSA 

than the AT3 group.  

All sample groups tested in this study exceeded the maximum forces of the native 

ACL. No practical difference was found between the AT and PL across similar sizes, 

displaying no difference between these two types of tendons. Additionally, only UTF and 

CSA were practically different as the LD size increased. This data supports both the AT 

and PL as suitable ACL replacement grafts.  

 



 

CHAPTER 1 
INTRODUCTION 

Anterior Cruciate Ligament Replacement 

The tearing of the anterior cruciate ligament (ACL) is one of the most common 

sports related injuries, occurring over 250,000 times a year in the United States.1 If no 

revision of the ACL is performed, abnormal knee kinematics and instability may occur, 

resulting in greater damage to the knee.2 Since mid-substance ACL tears do not have 

the ability to self-heal,3 approximately 100,000 to 250,000 ACL reconstructive surgeries 

are performed in the United States each year.4 Each year, nearly $1 billion is spent for 

ACL reconstructions in the United States.4 In order to restore proper knee function, 

reconstructive surgery with an autograft or allograft tissue implant with known 

mechanical characteristics is necessary. Recent research has suggested that the use of 

multiple strands of tissue during reconstructive surgery may have a clinical advantage 

over the use of a single strand.5-7 For this study, the characterization of the anterior 

tibialis (AT) and peroneus longus (PL) tendon as a direct function of surgical size and 

number of strands was investigated to determine any statistical difference in mechanical 

properties.  

Knee Anatomy 

The knee joint consists of four ligaments: the ACL, the posterior cruciate ligament 

(PCL), the medial collateral ligament (MCL), and the lateral collateral ligament (LCL). 

Both of the cruciate ligaments are intraarticular. The ACL extends from the lateral 

femoral condyle and runs anterio-medially and distally to the head of the tibia.8 It is 

responsible for restricting anterior translation of the tibia with respect to the femur. The 

PCL extends from the medial femoral condyle to the posterior tibia and restricts 
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posterior translation of the tibia with respect to the femur. The LCL extends from the 

lateral femoral epicondyle to the head of the fibula. The MCL extends from the medial 

femoral epicondyle to the posteromedial tibial crest. The two collateral ligaments work 

together to restrict varus and valgus angulation.9  

Anterior Cruciate Ligament Reconstruction 

The ACL plays a critical role in knee joint stability. The length of the ACL ranges 

from 22 to 41 mm while the width of the ACL ranges from 7 to 12 mm. The ACL has an 

irregular, non-uniform cross-sectional shape that increases from the lateral femoral 

condyle to the head of the tibia. Named after their tibial insertions, the ACL is composed 

of two bundles: the anteromedial (AM) bundle and the posterolateral (PL) bundle.8 Each 

bundle experiences different loads at different degrees of knee flexion. As the knee is 

flexed from 20˚ to 90˚, the AM bundle in situ force increases while the PL bundle in situ 

force decreases. Conversely, the PL bundle in situ force increases while the AM bundle 

in situ force decreases when the knee extends.8,10 

The ACL displays complex mechanical characteristics. As a viscoelastic material, 

it displays time-dependent behavior. When the ACL is held at a constant strain, it will 

exhibit a decrease in stress known as stress relaxation. Additionally, the ACL will exhibit 

creep, an increase in strain when a constant stress is applied. Once the stress or strain 

has been removed, the ACL will display a period of recovery. It is important to fully 

understand these characteristics in order to determine a suitable replacement graft.  

Failure of the ACL occurs from sudden motions, such as pivoting or landing from a 

jump, normally associated with sports-related activities.11 The mechanical strength of 

the native ACL has been extensively researched. For younger donors (16-26 years), 
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Noyes et al.12 determined the ultimate tensile force (UTF) to be 1725 ± 269 N with an 

ultimate tensile stress (UTS) of 37.8 ± 3.8 MPa and an elastic modulus of 111 MPa. For 

older donors (48-86 years), the mechanical properties decreased with a UTF of 622 N, 

a UTS of 13.3 MPa, and an elastic modulus of 65.3 MPa for the same study. Woo et 

al.13 determined the UTF of the native ACL to be 2,160 N for younger donors (22-35 

years) and 658 N for older donors (60-97 years). With the dramatic decrease in 

mechanical properties as age increases, the demand for a proper ACL reconstruction 

technique will continue to grow as an aging population continues to pursue active 

lifestyles. 

Multiple Strand Graft Replacement 

As previously stated, the ACL is composed of two bundles, with the AM bundle 

carrying more of the load during flexion and the PL bundle playing a more active role 

during extension. Due to the short length of the ACL, it cannot be used as a 

replacement graft for ACL reconstruction. One method to restore knee kinematics 

includes using a single bundle of either allograft or autograft tissue. This technique 

restores natural kinematics during flexion; however, recent evidence shows that a single 

bundle technique may fail to restore stability during a rotary load.5 In order to restore 

more natural knee kinematics, the use of a double bundle technique has been 

investigated.6,7 During ACL reconstruction, a bundle can be composed of a one-strand 

graft, a two-strand graft, or a “looped” graft. A “looped” graft is achieved when a single 

tendon is folded in half to create a two-strand graft. For this reason, research into 

multiple strand grafts to obtain accurate mechanical strength data has been 

performed.14-19 
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Allograft 

The preferred method for ACL reconstruction can be performed with either an 

autograft or allograft. The benefits of using allograft tissue include: no donor-site 

morbidity from graft recovery, no size limitation, significant decrease in operative time, 

decreased pain due to smaller incisions, and no trauma to host tissue. During revision 

surgery, allograft tissue may be necessary to achieve the required graft size and to 

reduce further damage of native tissue. Additionally, allografts are the preferred method 

for multiple strand reconstruction techniques, since autograft tissue supply is often 

limited.20  

In 2004, more than 1 million bone and tissue allografts were used in orthopaedic 

sports medicine surgeries from the 86 tissue banks composing the American 

Association of Tissue Banks (AATB).21 In 2006, this number grew to 1.5 million 

distributed throughout the United States. According to a 2006 American Orthopaedic 

Society for Sports Medicine survey, 86% of the surveyed population reported using 

allograft tissue.22 An estimated 20% of all ACL reconstruction procedures are performed 

with allograft tissue.21  

A concern with the usage of allograft tissue for ACL reconstruction is the risk of 

disease transmission. With donor screening in place, Buck et al.23 estimated the risk of 

receiving tissue from a donor infected with HIV was one in 1,667,000 compared to the 

risk of HIV transmission from a unit of blood at one in 200,000-800,000.24 To further 

reduce the risk of infection, sterilization techniques, such as gamma irradiation and 

chemical processing, can be performed.22 Although the threat of infection is still present, 

donor screening and sterilization techniques are further reducing this concern. 
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Two main types of allograft tissue may be used: soft tissue graft with bone blocks 

attached for fixation or pure soft tissue with no bone blocks. Soft tissue grafts with bone 

blocks require less time to incorporate into host tissue;25 however, pure soft tissue grafts 

have mechanically superior properties as a result of the ability to use multiple strand 

techniques.23 Figure 1-1 compares the average UTS values for common ACL 

replacement grafts. It is important to note that testing procedure has an impact on 

mechanical properties. Factors such as strain rate,26-30 hydration,31-33 and 

temperature34, 35 have been shown to affect the mechanical properties. 

Soft Tissue Grafts with Bone Blocks 

The Soft tissue grafts with bone block options include the calcaneus- Achilles 

tendon allograft and the bone-patellar tendon-bone allograft.  

Achilles tendon 

Located on the posterior side of the tibia, the Achilles tendon connects the 

plantaris, gastrocnemius, and soleus to the calcaneus bone. For a strain rate of 1 mm 

per second, Wren et al.36 determined the UTF and UTS of the Achilles tendon to be 

4,617 ± 1,107 N and 71 ± 17 MPa, respectively. With an increase in strain rate to 10 

mm per second, the UTF and UTS increased to 5,579 ± 1,143 N and 86 ± 24 MPa, 

respectively. The Achilles tendon is not available as an autograft option. 

Bone-patellar tendon-bone 

Considered the gold-standard for ACL reconstruction, the patellar tendon, also 

known as the patellar ligament, connects the patella to the tibia. Flahiff et al.37 

determined the midsubstance UTF of the bone-patellar tendon-bone allograft to be 

3,424 ± 668 N. With a strain rate of 10% per second, the UTS was calculated to be 78.4 

± 18.5 MPa with an average cross-sectional area (CSA) of 45.0 ± 1.5 mm2. For this 
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study, the entire patellar tendon was mechanically tested. When the patellar tendon is 

used as an autograft, only the central third of this tendon is utilized. With a strain rate of 

100%, Noyes et al.38 determined the UTF and UTS of the central third of the patellar 

tendon to be 2,900 ± 260N and 58.3 ± 6.1 MPa, respectively. Due to the bone 

attachment at each end of the graft, the patellar tendon can only be used as a single 

strand replacement graft. 

Pure Soft Tissue Grafts without Bone Blocks 

Pure soft tissue graft options include the anterior tibialis, peroneus longus, 

posterior tibialis, semitendinosus, and gracilis. 

Anterior tibialis 

Found on the lateral surface of the tibia, the AT muscle dorsiflexs and inverts the 

foot in conjunction with the peroneus brevis and posterior tibialis. The AT tendon passes 

from the AT muscle to the medial cuneiform and first metatarsal, running lateral to the 

tibia. It is both an antagonist and synergist of the posterior tibialis. Figure 1-2 shows a 

single AT compared to a native ACL. 

For a single-strand configuration with a strain rate of 6 mm/min, the UTF and CSA 

were 776.87 ± 174 N and 24 ± 4 mm2, respectively.14 Haut Donahue et al.15 determined 

the UTF of the AT in a single loop configuration to be 4,122 ± 893N at a strain rate of 

1.5 mm per second. Additionally, the CSA and UTS were 48.2 ± 11.8 mm2 and 89.8 ± 

19.4 MPa. Further analysis, performed by Pearsall et al.,16 showed the UTF and CSA in 

a double strand configuration was 3,412 N and 37.9 mm2 with a strain rate of 1 mm per 

second. 
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Peroneus longus 

The PL muscle, found on the lateral surface of the fibula, plantar flexes and everts 

the foot in conjunction with the peroneus brevis and posterior tibialis. The PL tendon 

passes from the PL muscle to the medial cuneiform and first metatarsal, running 

posterior to the lateral malleolus. For the single-strand configuration, Bohnsack et al. 39 

determined the UTF to be 1,342 ± 135 N for a CSA of 22.4 ± 5.3 mm2 at a strain rate of 

10 mm per minute. The double-strand configuration, performed by Pearsall et al.,16 

determined the UTF to be 2,483 N with a CSA of 36.6 mm2 at a strain rate of 1 mm per 

second. Figure 1-2 shows a single PL compared to a native ACL. 

Posterior tibialis 

The posterior tibialis muscle is responsible for the inversion of the foot and plantar 

flexion of the ankle. The posterior tibialis tendon has been mechanically tested in a 

single strand,14 double strand,16 and a single loop configuration.15 Almqvist et al.14 

determined the UTF and CSA of a single strand to be 888.8 ± 259 N and 23.92 ± 4 mm2, 

respectively, at a rate of 6 mm/min. When tested as a double strand, the UTF and CSA 

were determined to be 3,391N and 47.7 mm2, respectively, at a strain rate of 1 mm per 

second.16 For a single loop configuration, Haut Donahue et al.15 determined the UTF 

and CSA to be 3,594 ± 1,330 N and 41.9 ± 17.3 mm2, respectively, with a strain rate of 

1.5 mm per second. 

Semitendinosus and gracilis 

The hamstring tendons, semitendinosus and gracilis, have been tested individually 

as a single and double-strand, as well was combined as a doubled “looped” 

configuration.19 The semitendinosus had a UTF and CSA of 1,060 ± 227 N and 10.8 ± 
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2.2 mm2. The gracilis had a UTF and CSA of 837 ± 138 N and 7.4 ± 1.1 mm2. The UTS 

for the semitendinosus and gracilis was 99.3 ± 14.9 and 113.1 ± 18.1 MPa, respectively. 

When used as an autograft, a double looped gracilis and semitendinosus is the 

preferred method. When tested in a double loop configuration, the gracilis-

semitendinosus graft has a UTF and CSA of 2,914 ± 644 N and 41.6 ± 6.5 mm2, 

respectively. 

Allograft Recovery Process 

A number of freeze-thaw cycles occur during the donor recovery process. 

According to AATB and RTI Biologics Inc. standard operating procedures, the donor 

tissue site is recovered post mortem. During the recovery phase, the skin is removed 

from the ankle to the hip with a midline incision on the inside of the leg. Next, the 

femoral head is disarticulated from the acetabular cup. This structure, known as a leg 

en block, is frozen at a temperature of less than -40˚C. While frozen, the leg en block is 

then shipped to an authorized processing site. Next, the processing phase requires the 

thawing of the leg en block. Once the leg en block has thawed, the tendons are 

obtained and excess muscle is removed. Normally, the tendons do not immediately 

undergo the sterilization process. Instead, they are again frozen until all tissue products 

from a specific donor are created. Once achieved, all products from a given donor 

including tendons are again thawed before the sterilization process. Following the 

sterilization technique, the tendons are again frozen and shipped to nearby hospitals. 

The last thaw cycle occurs prior to implantation. 
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Graft Sizing 

The looped diameter (LD) sizing process is a similar process for both autograft 

and allograft replacement grafts. After the replacement autograft tendon has been 

recovered, the excess muscle is removed. Allografts have already undergone this 

process during the processing procedure. Next, the length of the replacement graft is 

measured. A graft must have sufficient length to account for both the femoral and tibial 

tunnels as well as the ACL replacement. Each end of the tendon is then whip stitched. 

Following this step, the graft is looped over a suture at the midline of the graft, folding 

the graft in half. The graft is then tensioned on a tension table with the suture from the 

midline on one side and the two whip stitched ends on the other. Next, each end of the 

now two-strand graft is whip stitched in order to prevent complications during fixation. 

The area of whipstitch is approximately 3 cm, representing the length of both the 

femoral and tibial bone tunnel. Once this has occurred, the tendon is pulled through a 

LD sizing block to determine the proper diameter for the femoral and tibial bone tunnels. 

Figure 1-3 displays this step. The LD sizing block allows for proper sizing of the graft to 

the nearest 0.5 cm. Following this step, the graft is normally wrapped in a saline soaked 

surgical sponge or placed in a bowl of saline.  

Relaxation Data 

Ligaments and tendons are viscoelastic materials, displaying time-dependent 

behavior. One phenomenon of viscoelastic materials is stress relaxation. Under a 

constant strain, the stress in the material will decrease. Once this strain is removed, the 

material will undergo a recovery phase. Duenwald et al.40 showed the stress relaxation 

and recovery rate of the porcine digital flexor tendon were well approximated by the 

power law. However, the tendon stress relaxation and recovery did not occur at the 
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same rate. Recovery of a viscoelastic material at an undefined rate makes modeling the 

behavior in which loads are applied without full recovery extremely difficult to predict.41 

In order to accurately predict the mechanical behavior of a viscoelastic material, the 

stress relaxation and recovery rates must be well defined. For this reason, stress 

relaxation and recovery rates of the ACL replacement graft are important for a 

successful ACL reconstruction. 

Introduction into Present Study 

Characterization of the AT and PL tendon as two-strand and four-strand grafts was 

performed in the present study. Figure 1-2 displays these two tendons as well as a 

native ACL. All test samples were sized according to a novel sizing technique, 

mimicking standard surgical procedure. For the two-strand versus two-strand 

evaluation, the groups for comparison included two-strand tendons with LD sizes that 

ranged from 7.00 mm to 7.75 mm (Group 1) and 8.00 mm to 8.75 mm (Group 2).Four 

groups were then defined: two LD groups created from AT tendons (AT1, AT2) and two 

LD groups created from PL tendons (PL1, PL2). For the two-strand versus four-strand 

evaluation, the AT two-strand graft (AT3) was compared to the PL four-strand graft 

(PL4). The AT3 group had an LD size ranging from 9.00 mm to 9.75 mm. The PL4 

group had an LD size ranging from 10.00 mm to 10.75 mm. 

The purpose of this study was to examine the tensile and viscoelastic properties of 

two common ACL replacement tendons as a function of surgical size and number of 

strands. The properties derived from this test include the relaxation rate, recovery rate, 

UTF, UTS, strain at failure, extension at failure, and Young’s modulus. 
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Figure 1-1.  Average UTS values for common ACL replacement grafts. 
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Figure 1-2.  Comparison of human tissue.  A) AT tendon.  B) PL tendon.  C)ACL. Photo 
courtesy of the author. 
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Figure 1-3.  Sizing block for determining LD size. Photo courtesy of the author. 

 



 

CHAPTER 2 
MATERIALS AND METHODS 

Tissue Allocation 

Aseptic donor tissue was obtained through RTI Biologics, Inc. For the two-strand 

versus two-strand evaluation, 108 AT tendons (50.49 ± 14.94 yrs, 47 males, 61 

females) and 114 PL tendons (45.61 ± 16.64 yrs, 78 males, 36 females) were utilized. 

For the four-strand versus two-strand evaluation, an additional 66 PL tendons (52.17 ± 

15.44 yrs, 18 males, 48 females) forming 33 four-strand samples and 26 AT tendons 

(51.15 ± 15.16 yrs, 26 males, 0 females) were utilized. In order to confirm that the novel 

sizing technique was not damaging the tendons, 28 PL samples from 7 donors (49.43 ± 

10.60 yrs, 6 males, 1 female) were utilized. All donor tissue was recovered according to 

the AATB standards for tissue banking. After the recovery process was complete, all 

donor tissue was frozen at -80˚C until the day of the sizing test. Following the sizing 

test, all donor tissue was frozen at -80°C until the day of the mechanical test. 

Sizing Test 

Tendon Preparation 

On the day of the sizing test, each donor tissue was thawed at room temperature 

in an airtight bag to reduce the risk of dehydration for a minimum of 30 minutes. Once 

the tendon had completely thawed, it was placed in a 0.9% saline bath at room 

temperature for 30 minutes to mimic standard rehydration techniques in the operating 

room. After this 30 minute rehydration step was completed, the midline for each tendon 

was measured at exactly 10 cm from the distal end of each tendon.  
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Test Method 

An electromechanical testing system (Instron 5865, Instron Corporation, 

Norwood, CA) was utilized to perform the sizing test. Bluehill 2 software recorded the 

time, extension, and force applied to the sample during the test. The sizing test included 

a 150 mm pull through a custom sizing block at a rate of 2.5 mm per second. With a 

diameter range from 5 mm to 13 mm in 0.25 mm increments, the sizing block identified 

the LD of the graft. Each tendon was looped around the suture at the midline with the 

midline being the first portion of the tendon to enter the sizing block. Figure 2-1 

illustrates the sizing test configuration. 

For each tendon, the force experienced as the tendon was pulled through the 

sizing block was measured and the maximum force was recorded. For a given LD, a 

surgeon will drill the necessary bone tunnel size for the ACL reconstruction process. 

This measured force is the force necessary for the surgeon to pull the graft through that 

particular sized bone tunnel. If the force is too small, the graft will not sit securely before 

the fixation is set. If this force is too large, the potential for damaging the tendon is high.  

In order to determine the acceptable range for the maximum force experienced 

while sizing the tendon, three orthopaedic surgeons from The Orthopedic Institute 

(Gainesville, FL) pulled several different sized tendons through the custom sizing block. 

Based on the force readings and their comments, a force range of 70 N to 200 N was 

determined to be the correct force necessary to size a tendon. If the maximum force 

reached at least 70 N, the official size for that tendon was defined by the specific sizer 

and the tendon was stored at -80˚C. If the maximum force did not reach 70 N, the 

tendon was tested again at the next smallest size. 
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For the four-stranded grafts, each tendon was measured individually first and 

stored at -80°C. Following the second thawing and rehydration process, two tendons 

were looped around the suture at each midline and underwent another sizing test. The 

LD size was determined when the maximum load reached at least 70 N. 

Mechanical Test 

Tendon Preparation 

On the day of the sizing test, each donor tissue was thawed at room temperature 

in an airtight bag to reduce the risk of dehydration. Once the tendon had completely 

thawed, the CSA of the tendon was measured at six equally spaced locations by 

measuring both the major and minor axis. The first three major and minor 

measurements on the distal side of the midline determined the CSA for the distal end of 

the tendon while the second three major and minor measurements on the proximal side 

of the midline determined the CSA for the proximal end of the tendon. If the ratio of 

major axis to minor axis was greater than 2.65 for either side, a rectangular shape was 

assumed. Otherwise, an elliptical shape was assumed. All measurements were 

performed using Mitutoyo IP67 digital calipers. Once these measurements were made, 

the tendon was loaded on the mechanical testing fixture. 

Test Fixture 

The two-strand and four-strand mechanical testing fixture was designed to have 

each strand of tendon tested at 37°C. Whether a two-strand or a four-strand, the graft 

was looped around a 6 mm cross pin located on the top grip. Figure 2-2 displays the 

cross pin location with respect to the top grip. The free ends of each graft were clamped 

in the bottom grip exactly 35 mm below the top grip. This 35 mm gage length was used 

to symbolize the native ACL length, which ranges between 22 mm to 41 mm.8 A 
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pretension of approximately 50 N was applied in order to allow each graft to slide across 

the 6 mm cross pin in order to reach an equilibrium force for each strand. In order to 

keep the 35 mm gage length at body temperature, a warm-water jacket encapsulated 

the test sample between the top and bottom grip. Water was circulated through the 

jacket tubes once the test sample was loaded. The top grip was then clamped. In order 

to prevent slipping or tearing at the tendon grip interface, the top and bottom grips were 

frozen. Dry ice was inserted into the top and bottom ice holders, which surround both 

the top and bottom grips, respectively. This method of freezing each grip has been 

successfully utilized in previous studies.15,16,19 Figure 2-3 displays the mechanical grip 

configuration without the top and bottom ice holders, while Figure 2-4 displays the 

complete mechanical test fixture. In order to completely freeze each grip, the test began 

approximately 18 minutes after the dry ice was added. 

Test Method 

A servohydraulic testing system (MTS 858 Bionix Test System, MTS, Eden 

Prairie, Minnesota) was utilized to perform the mechanical test. Multiworks software 

recorded the time, extension, and force applied to the sample. Using this software, a 

testing scheme was programmed (Figure 2-5). A 90 N load was applied for 60 seconds 

in order to precondition the tendon. Following the preconditioning, a 6% strain relaxation 

step was applied at a rate of 2 mm per second and remained for 100 seconds. Next, a 

3% strain recovery step was applied at 2 mm per second and remained for 100 

seconds. Following the recovery step, a second 6% strain relaxation step was applied at 

a rate of 2 mm per second and held for 100 seconds. These three strain phases were 

considered the viscoelastic portion of the mechanical test. Following the viscoelastic 

portion a cyclic load consisting of a sinusoidal wave from 50 N to 250 N at a frequency 
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of 1 Hz for 100 cycles was applied to the test sample. The final portion of the test 

consisted of a load-to-failure. This was done at a strain rate of 100% per second until 

destructive failure occurred. The properties derived from this test included the relaxation 

rate from the two relaxation phases, the recovery rate from the recovery phase, Young’s 

modulus during the cyclic loading, UTF, UTS, strain at failure, extension at failure, and 

Young’s modulus during the load-to-failure portion.  

This testing protocol was designed to mimic a normal exercise immediately 

following an ACL reconstruction. The 90 N load for 60 seconds was found to be the 

normal pretension applied during the surgical procedure. Following this step, the two 

6% strain phases mimicked a 100 second stretch sequence with a 3% strain recovery 

for 100 seconds between the two phases. Recovery at 3% ensured the tendon did not 

become slack. Additionally, a 6% strain was used in order to ensure adequate recovery 

at a nonzero strain without causing damage.40 Once the stretch sequence had 

completed, the cyclic loading portion characterized the normal jogging motion for a 

human. The load-to-failure portion mimics the rate with which mid-substance ACL 

failure occurs.26  

Sizing Damage Test 

The purpose of the sizing damage test was to determine if mechanical damage to 

the tendon occurred during the novel sizing technique. For each donor, both PL tendons 

were obtained. Each tendon was cut in half. The distal side of the first tendon from a 

donor was sized at a maximum force less than 20 N. The proximal side of that same 

tendon was sized at a maximum force greater than 70 N. For the second tendon 

belonging to the same donor, the proximal side of the tendon was sized at a maximum 

force less than 20 N and the distal side of the tendon was sized at a maximum force 
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greater than 70 N. Tendons with a maximum force of less than 20 N were classified in 

the “Weak Pull” group, while tendons with a maximum force greater than 70 N were 

classified in the “Strong Pull” group. After the test sample was sized, it was 

mechanically tested as a single strand graft with the midline for the sizing test being the 

center of the test sample. The viscoelastic portion for this test method included three 90 

N holds rather than three strain phases. Additionally, the load-to-failure rate during the 

final portion occurred at a rate of 2.4% per second. The cyclic loading portion remained 

the same. 

Statistical Methods 

Sample Size Calculations 

Minitab 15 was utilized to perform the sample size calculations. For all sample size 

calculations, the standard deviation values for each parameter were obtained from 

previous data and a power of 0.9 was assumed. For the two-strand versus two-strand 

evaluation, a four level one-way ANOVA was performed. These four levels included the 

AT1, AT2, PL1, and PL2 groups. For the two-strand versus four-strand evaluation, a two 

sample t-test was performed. The AT3 group was compared to the PL4.  

In order to determine practical difference values, previous literature was used. 

According to Noyes et al.,38 the ACL experiences approximately 454 N of force during 

normal life activities. For this reason, a practical difference for the UTF was set at 450 

N. In order to determine the practical difference for the UTS, the practical difference for 

UTF was divided by 24 mm2, the average CSA for a single strand AT determined by 

Almqvist et al.14 This calculation determined a practical difference for UTS at 18.75 

MPa. Duthon et al.8 determined the elongation of the AM bundle of the ACL to be 4 mm 

when flexed to 90°. For a 35 mm ACL, an elongation of 4 mm would equal a strain of 
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11.4%, which was used as the practical difference for failure strain. During normal life 

activities, the knee will not be flexed to 90°. However, the knee is flexed to 90° during 

more strenuous exercise. Noyes et al.38 determined the ACL experienced approximately 

1000 N during “strenuous” exercise. In order to determine the practical difference for 

Young’s modulus, Hooke’s law was calculated using 1000 N as the force, 24 mm2 as 

the CSA, and 11.4% as the strain. This practical difference value for Young’s modulus 

was calculated to be 365 MPa. 

Sample size calculations were taken for each parameter. The largest calculated 

sample size was determined to be the necessary sample size for each evaluation. With 

the sample size set, a practical difference of one standard deviation was set as a 

practical difference for CSA and the viscoelastic properties, as no previous data outlines 

what might make a practical difference for these values. 

Statistical Analysis 

For the two-strand versus two-strand evaluation, a Bartlett’s f-test was performed 

to determine homogeneity of variance. If homogenous variances were found, a one-way 

ANOVA was performed to determine if there were any differences between groups. For 

a parameter in which a difference was found, Tukey’s multiple comparison adjusted t-

test for pairwise comparisons was conducted to determine which groups were statically 

different from each other. If heterogeneous variances were found, a Browne-Forsythe f-

test was performed to determine if there were any differences. 

For the two-strand versus four-strand evaluation, an f-test was performed to 

determine homogeneity of variance. Next, a two-sample t-test was performed to 

determine if there was a difference between the AT3 and PL4 groups.  
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For the sizing damage test, a paired t-test was performed to determine if there was 

a difference between the weak pull and strong pull groups. 
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Figure 2-1.  Sizing test fixture.  Photo courtesy of the author. 

  

 
 
Figure 2-2.  Mechanical test grip. Photo courtesy of the author.  

34 



 

 
 
Figure 2-3.  Mechanical test fixture. Photo courtesy of the author.  

 

 
 
Figure 2-4.  Mechanical test fixture with top and bottom ice holders. Photo courtesy of 

the author. 
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CHAPTER 3 
RESULTS 

Mechanical Test 

A statistical comparison of the mechanical results for the load-to-failure test was 

performed for two separate evaluations. For the first evaluation, both the PL and AT 

were compared as two-strand grafts. The groups for the comparison included the AT1, 

AT2, PL1, and PL2. For the second evaluation, the PL4 group was compared to the 

AT3 group. For numerical results, the mean followed by ± standard deviation is the 

format. 

Biomechanical Comparison of Two-Strand AT versus Two-Strand PL 

All p-values for this evaluation can be found in Table 3-1. A statistical comparison 

of the mechanical results of the two-strand grafts determined a statistical difference for 

the UTF and CSA values. A statistical difference was found for the UTS values between 

groups and the Young’s modulus during loading and unloading; however, these 

differences were not of practical importance. Additionally, a statistical but not practical 

difference was found for the initial stress, the final stress, and the calculated A value for 

both of the relaxation phases as well as the recovery phase. Finally, a statistical but not 

practical difference for the n value during the recovery phase was found. The following 

values were recorded for each parameter. 

Viscoelastic Portion 

First relaxation phase properties 

The initial stress values during the first relaxation phase were 46.52 ± 8.59 MPa, 

43.63 ± 6.69 MPa, 40.37 ± 6.32 MPa, and 39.284 ± 7.61 MPa for AT1, AT2, PL1, and 

PL2, respectively. The final stress values during the same phase were 34.63 ± 6.87 
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MPa, 31.99 ± 5.21 MPa, 29.47 ± 5.66 MPa, and 28.84 ± 6.08 MPa for AT1, AT2, PL1, 

and PL2, respectively. A one-way ANOVA determined the AT1 group had a 6.15 MPa 

higher initial stress than the PL1 group and a 7.24 MPa higher initial stress than the PL2 

group during the first relaxation phase. Additionally, a one-way ANOVA determined the 

AT1 group had a 5.16 MPa higher final stress than the PL1 group and a 5.79 MPa 

higher final stress than the PL2 group.  

When set to a power law equation, the A values from the relaxation curve were 

725.1 ± 126.6 MPa, 674.0 ± 98.6 MPa, 624.7 ± 102.5 MPa, and 608.5 ± 117.1 MPa for 

AT1, AT2, PL1, and PL2, respectively. A one-way ANOVA determined the AT1 group 

had a 100.5 MPa higher A value than the PL1 group and a 116.6 MPa higher A value 

than the PL2 group. The n values from the relaxation curve during the same phase were 

-0.056 ± 0.010, -0.056 ± 0.019, -0.061 ± 0.013, and -0.059 ± 0.011 for AT1, AT2, PL1, 

and PL2, respectively. A Brown-Forsythe f-test for the n values determined no statistical 

difference between any groups (p=0.72264). 

Recovery phase properties 

The initial stress values during the recovery phase were 3.82 ± 2.30 MPa, 2.63 ± 

1.67 MPa, 2.86 ± 1.90 MPa, and 2.26 ± 1.90 MPa for AT1, AT2, PL1, and PL2, 

respectively. The final stress values during this phase were 7.54 ± 2.92 MPa, 6.35 ± 

2.01 MPa, 6.22 ± 2.29 MPa, and 5.58 ± 2.41 MPa for AT1, AT2, PL1, and PL2, 

respectively. A one-way ANOVA determined the AT1 group had a 1.57 MPa higher 

initial stress than the PL2 group during the recovery phase. Additionally, a one-way 

ANOVA determined the AT1 group had a 1.96 MPa higher final stress than the PL2 

group. 
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The A values for the power law curve were 172.9 ± 85.5 MPa, 133.7 ± 59.0 MPa, 

131.4 ± 66.5 MPa, and 109.3 ± 67.6 MPa for AT1, AT2, PL1, and PL2, respectively. A 

one-way ANOVA for the A values determined the AT1 group had a 63.66 MPa higher A 

value than the PL2 group. The n values for this same curve were 0.0825 ± 0.0383, 

0.100 ± 0.042, 0.086 ± 0.040, and 0.107 ± 0.051 for AT1, AT2, PL1, and PL2, 

respectively. A one-way ANOVA for the n values determined the AT1 group had a 

0.0249 higher n value than the PL2 group.  

Second relaxation phase properties 

The initial stress values during the second relaxation phase were 40.98 ± 7.41 

MPa, 38.49 ± 5.79 MPa, 35.29 ± 6.13 MPa, and 34.81 ± 6.70 MPa for AT1, AT2, PL1, 

and PL2, respectively. The final stress values during this phase were 34.78 ± 6.98 MPa, 

32.38 ± 5.28 MPa, 29.79 ± 5.61 MPa, and 29.31 ± 6.11 MPa for AT1, AT2, PL1, and 

PL2, respectively. A one-way ANOVA determined the AT1 group had a 5.69 MPa higher 

initial stress than the PL1 group and a 6.17 MPa higher initial stress than the PL2 group 

during the second relaxation phase. Additionally, a one-way ANOVA for the final stress 

determined the AT1 group had a 4.99 MPa higher final stress than the PL1 group and a 

5.47 MPa higher stress than the PL2 group. 

The A values for this phase were 632.4 ± 119.1 MPa, 587.6 ± 91.1 MPa, 539.9 ± 

96.8 MPa, and 529.4 ± 107.0 MPa for AT1, AT2, PL1, and PL2, respectively. A one-way 

ANOVA determined the AT1 group had a 92.5 MPa higher A value than the PL1 group 

and a 102.9 MPa higher A value than the PL2 group. The n values during the second 

stress relaxation phase were -0.0208 ± 0.0057, -0.0218 ± 0.0043, -0.0221 ± 0.0057, 

and -0.0210 ± 0.0052 for AT1, AT2, PL1, and PL2, respectively. A Brown-Forsythe f-test 

for the n values determined no statistical difference between any groups (p=0.73462).   
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Cyclic Loading Portion 

Average Young’s modulus during the cyclic portion 

The average Young’s modulus values for the loading portion across the 100 cycles 

were 991.1 ± 232.1 MPa, 914.3 ± 205.0 MPa, 890.0 ± 203.5 MPa, and 877.3 ± 215.2 

MPa for AT1, AT2, PL1, and PL2, respectively. The average Young’s modulus values 

for the unloading portion across the 100 cycles were 1,037.3 ± 217.1 MPa, 958.7 ± 

190.5 MPa, 937.5 ± 192.4 MPa, and 924.4 ± 199.8 MPa for AT1, AT2, PL1, and PL2, 

respectively. A one-way ANOVA for the average Young’s modulus for both the loading 

and unloading portion during cyclic loading determined the AT1 had a 113.8 MPa higher 

Young’s modulus during the loaded phase and 112.9 MPa higher Young’s modulus 

during the unloaded phase compared to the PL2. 

Load to Failure Portion 

Ultimate tensile force 

The average UTF values were 3,879.9 ± 512.2 N, 4,390.8 ± 616.4 N, 3,519.1 ± 

453.4 N, and 4,263.7 ± 524.2 N for AT1, AT2, PL1, and PL2, respectively. A one-way 

ANOVA for UTF determined the AT2 group had a 493.0 N higher UTF compared to AT1 

and an 871.8N higher UTF compared to PL1. Additionally, the PL2 group had a 744.7 N 

higher UTF compared to the PL1 group.  

Ultimate tensile stress 

The average UTS values were 86.6 ± 13.1 MPa, 82.0 ± 14.5 MPa, 75.8 ± 12.6 

MPa, and 78.3 ± 11.5 MPa for AT1, AT2, PL1, and PL2, respectively. A one-way 

ANOVA determined the AT1 group had a 10.82 MPa higher UTS than the PL1 group.  
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Cross-sectional area 

The average CSA values were 45.39 ± 4.75 mm2, 54.42 ± 7.50 mm2, 46.91 ± 4.96 

mm2, and 54.88 ± 4.40 mm2 for AT1, AT2, PL1, and PL2, respectively. A Browne-

Forsythe for CSA determined the AT2 group had a 9.02 mm2 higher CSA compared to 

the AT1 group and a 7.50 mm2 higher CSA compared to the PL1 group. Additionally, a 

Browne-Forsythe for CSA determined the PL2 group had a 9.48 mm2 higher CSA 

compared to the AT1 group and a 7.96 mm2 higher CSA compared to PL1 group.  

Young’s modulus during the failure curve 

The average Young’s modulus during the failure curve values were 1,132.8 ± 

145.0 MPa, 1,084.9 ± 163.3 MPa, 977.9 ± 143.1 MPa, and 1,015.9 ± 137.0 MPa for 

AT1, AT2, PL1, and PL2, respectively. A one-way ANOVA for Young’s modulus 

determined no statistical difference between any groups.  

Strain at failure 

The average strain at failure values were 12.89 ± 1.76 %, 13.45 ± 2.94 %, 14.25 ± 

3.16 %, and 13.85 ± 2.52 % for AT1, AT2, PL1, and PL2, respectively. A Browne-

Forsythe for strain at failure determined no statistical difference between any groups (p 

= 0.543). 

Extension at failure 

The extension at failure values were 3.52 ± 0.61 mm, 3.67 ± 0.94 mm, 3.92 ± 1.04 

mm N, and 3.81 ± 0.83 mm for AT1, AT2, PL1, and PL2, respectively. A Browne-

Forsythe for the extension at failure determined no statistical difference between any 

groups (p=0.543).  
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Biomechanical Comparison of Two-Strand AT versus Four-Strand PL 

A statistical comparison of the mechanical results of the AT3 group and the PL4 

group determined a statistical difference for the UTF and CSA values. A statistical 

difference was found for the UTS and the second relaxation phase n values; however, 

these differences were not of practical importance. The following values were recorded 

for each parameter. 

Viscoelastic Portion 

First relaxation phase properties 

The initial stress values during the first relaxation phase were 36.77 ± 8.0 MPa 

and 36.95 ± 7.1 MPa for AT3 and PL4, respectively. The final stress values during this 

phase were 26.86 ± 6.41 MPa and 27.09 ± 5.53 MPa for AT3 and PL4, respectively. 

The A values for the power law curve fit were 568 ± 126 MPa, and 578 ± 110 MPa for 

AT3 and PL4, respectively. The n values were -0.0538 ± 0.0267 and -0.06006 ± 

0.00642 for AT3 and PL4, respectively. No statistical difference was found for any of the 

parameters between these two samples. 

Recovery phase properties 

The initial stress values during the recovery phase were 1.71 ± 1.37 MPa and 2.41 

± 1.78 MPa for AT3 and PL4, respectively. The final stress values for this same phase 

were 4.46 ± 2.24 MPa and 5.35 ± 2.29 MPa for AT3 and PL4, respectively. The A 

values were 92.1 ± 55.1 MPa and 103.3 ± 72.3 MPa for AT3 and PL4, respectively. The 

n values were 0.136 ± 0.143 and 0.0996 ± 0.0438 for AT3 and PL4, respectively. No 

statistical difference was found for any of the parameters between these two samples.  
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Second relaxation phase properties 

The initial stress values during the second relaxation phase were 32.94 ± 7.26 

MPa and 32.65 ± 6.06 MPa for AT3 and PL4, respectively. The final stress values 

during the second relaxation phase were 27.58 ± 6.38 MPa and 27.40 ± 5.42 MPa for 

AT3 and PL4, respectively.  The A values during the second relaxation phase were 494 

± 111 MPa and 500 ± 94.3 MPa for AT3 and PL4, respectively. The n values during the 

second relaxation phase were -0.02 ± 0.00345 and -0.02258 ± 0.00426 for AT3 and 

PL4, respectively.  A two-sample t-test for the n values determined the PL4 had a 

0.00258 higher absolute n value than the AT3. For the initial stress, the final stress, and 

the A value, no statistical difference was found between these groups.  

Cyclic Loading Portion 

Average Young’s modulus during the cyclic portion 

The average Young’s modulus values for the loading portion during cyclic loading 

were 731.0 ± 189.0 MPa and 771.0 ± 174.0 MPa for AT3 and PL4, respectively. 

Additionally, the average Young’s modulus values for the unloading portion across the 

100 cycles were 789.0 ± 190 MPa and 801.0 ± 169.0 MPa for AT3 and PL4, 

respectively.  A two-sample t-test for the average Young’s modulus for the loading 

portion during cyclic loading and unloading determined no statistical difference (p=0.410 

and p=0.799, respectively). 

Load to Failure Portion 

Ultimate tensile force 

The average UTF values were 4,882 ± 615 N and 5,543 ± 616 N for AT3 and PL4, 

respectively. A two-sample t-test determined the PL4 group had a 661 N higher UTF 

than the AT3 group (p<<0.05).  
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Ultimate tensile stress 

The average UTS values were 80.5 ± 13.9 MPa and 73.6 ± 12.3 MPa for AT3 and 

PL4, respectively. A two-sample t-test determined the AT3 group had a 6.88 MPa 

higher UTS than the PL4 group (p=0.048).  

Cross-sectional area 

The average CSA values were 61.64 ± 8.51 mm2 and 76.13 ± 6.47 mm2 for AT3 

and PL4, respectively. A two-sample t-test determined the PL4 group had a 14.49 mm2 

larger CSA than the AT3 group (p<<0.05).  

Young’s modulus during the failure curve 

The average Young’s modulus during the failure curve values were 1,041 ± 146 

MPa and 948 ± 115 MPa for AT3 and PL4, respectively. A two-sample t-test determined 

the Young’s Modulus during the failure curve for the AT3 group was 93.5 MPa higher 

than the PL4 group (p= 0.008).  

Strain at failure 

The average strain at failure values were 14.54 ± 2.80 % and 13.34 ± 2.19% for 

AT3 and PL4, respectively. A two-sample t-test for strain at failure determined no 

statistical difference (p=0.070).  

Extension at failure 

The average extension at failure values were 3.977 ± 0.905 mm and 3.687 ± 0.715 

mm for AT3 and PL4, respectively. A two-sample t-test for extension at failure 

determined no statistical difference (p=0.175).  

Biomechanical Comparison of Weak Pull versus Strong Pull 

A statistical comparison of the mechanical results of the sizing damage test 

showed no statistical difference between either sizing groups for UTF, UTS, CSA, 
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Young’s Modulus, and strain at failure. All p-values for this evaluation can be found in 

Table 3-3. Average values for each parameter can be found in Table 3-4.  

Load to Failure Portion 

Ultimate tensile force 

The average UTF values were 2,384 ± 408 N and 2,331 ± 517 N for the strong pull 

group and weak pull group, respectively. 

Ultimate tensile stress 

The average UTS values were 107.9 ± 35.2 MPa and 95.8 ± 28.1 MPa for the 

strong pull group and weak pull group, respectively. 

Cross-sectional area 

The average CSA values were 26.67 ± 10.45 mm2 and 24.80 ± 9.95 mm2 for the 

strong pull group and weak pull group, respectively. 

Young’s modulus during the failure curve 

The average Young’s modulus during the failure curve values were 1260 ± 461 

MPa and 1107 ± 395 MPa for the strong pull group and weak pull group, respectively. 

Strain at failure 

The average strain at failure values were 13.84 ± 2.78 % and 13.71 ± 2.86% for 

the strong pull group and weak pull group, respectively. 
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Table 3-1. Statistical analysis for the two-strand versus two-strand evaluation 

Parameter 
Bartlett's 
Test 

ANOVA/Browne-
Forsythe 

1st Ralaxation Phase Initial Stress (MPa) > 0.1 < 0.001 
1st Relaxation Phase Final Stress (MPa) > 0.1 < 0.001 
1st Relaxation Phase A (MPa) > 0.1 < 0.001 
1nd Relaxation Phase n < 0.001 > 0.1 
Recovery Phase Initial Stress (MPa) > 0.1 < 0.001 
Recovery Phase Final Stress (MPa) > 0.05  < 0.001 
Recovery Phase A (MPa) > 0.1 < 0.001 
Recovery Phase n > 0.1 < 0.05 
2nd Relaxation Phase Initial Stress (MPa) > 0.1 < 0.001 
2nd Relaxation Phase Final Stress (MPa) > 0.1 < 0.001 
2nd Relaxation Phase A (MPa) > 0.1 < 0.001 
2nd Relaxation Phase n < 0.001 > 0.1 
Average Young's Modulus During Loading 
(MPa) > 0.1 < 0.05 
Average Young's Modulus During 
Unloading (MPa) > 0.1 < 0.05 
Ultimate Tensile Force (N) > 0.1 < 0.001 
Ultimate Tensile Stress (MPa) > 0.1 < 0.001 
Cross-sectional Area (mm2) < 0.001 < 0.001 
Strain at Failure (%) < 0.001 > 0.1 
Extension at Failure (mm) < 0.001 > 0.1 
Young's Modulus During Failure (MPa) > 0.1 < 0.001 

 
 

 
 

 

 

 
 
 
 
 
 
 
 
 
 

46 



 

Table 3-2. Statistical analysis for the two-strand versus four-strand evaluation 

Parameter 
Bartlett's 
Test 

ANOVA/Browne-
Forsythe 

1st Relaxation Phase Initial Stress (MPa) >0.1 >0.1 
1st Relaxation Phase Final Stress (MPa) >0.1 >0.1 
1st Relaxation Phase A (MPa) >0.1 >0.1 
1nd Relaxation Phase n <0.001 >0.1 
Recovery Phase Initial Stress (MPa) >0.1 >0.1 
Recovery Phase Final Stress (MPa) >0.1 >0.1 
Recovery Phase A (MPa) >0.1 >0.1 
Recovery Phase n <0.001 >0.1 
2nd Relaxation Phase Initial Stress (MPa) >0.1 >0.1 
2nd Relaxation Phase Final Stress (MPa) >0.1 >0.1 
2nd Relaxation Phase A (MPa) >0.1 >0.1 
2nd Relaxation Phase n >0.1 <0.05 
Average Young's Modulus During Loading (MPa) >0.1 >0.1 
Average Young's Modulus During Unloading 
(MPa) >0.1 >0.1 
UTF (N) >0.1 <0.001 
UTS (MPa) >0.1 <0.05 
CSA (mm2) >0.1 <0.001 
Strain at Failure (%) >0.1 <0.1 
Extension at Failure (mm) >0.1 >0.1 
Young's Modulus During Failure (MPa) >0.1 <0.01 

 
Table 3-3. Statistical analysis for the sizing damage test 

Parameter 
Paired t-
test 

Ultimate Tensile Force (N) 0.71 
Ultimate Tensile Stress (MPa) 0.455 
Cross-sectional Area (mm2) 0.710  
Strain at Failure (%) 0.915 
Young's Modulus During Failure (MPa) 0.469 

 
Table 3-4. Mechanical results for the sizing damage test 

Tendon 
Group UTF (N) UTS (MPa) CSA (mm2) Strain at 

Failure (%) 

Young's Modulus 
During Failure 
(MPa) 

Strong 
Pull 2384±408 107.85±35.21  24.80±9.95 13.84±2.78 1260±461 

Weak 
Pull 2331±517 95.80±28.07 26.67±10.45 13.71±2.85 1107±395 
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Table 3-5. Two-strand versus two-strand first relaxation results 
Group (Loop 
Diameter Size) 

Initial Stress 
(MPa) 

 Final Stress 
(MPa)  A (MPa)  n 

AT1 (7.00-7.75) 46.52±8.59 34.63±6.87 725.1±126.6 -0.056±0.010
AT2 (8.00-8.75) 43.63±6.69 31.99±5.21 674.0±98.6 -0.056±0.019
PL1 (7.00-7.75) 40.37±6.32 29.47±5.66 624.7±102.5 -0.061±0.013
PL2 (8.00-8.75) 39.28±7.81 28.84±6.08 608.5±117.1 -0.059±0.011

 
Table 3-6. Two-strand versus two-strand recovery results 
Group (Loop 
Diameter Size) 

 Initial Stress 
(MPa) 

Final Stress 
(MPa)  A (MPa)  n 

AT1 (7.00-7.75) 3.82±2.30 7.54±2.92 172.9±85.5 0.083±0.038 
AT2 (8.00-8.75) 2.63±1.67 6.35±2.01 133.7±59.0 0.100±0.042 
PL1 (7.00-7.75) 2.86±1.90 6.22±2.29 131.4±66.5 0.086±0.040 
PL2 (8.00-8.75) 2.26±1.90 5.58±2.41 109.3±67.6 0.107±0.051 

 
Table 3-7. Two-strand versus two-strand second relaxation results 
Group (Loop 
Diameter Size) 

 Initial Stress 
(MPa) 

Final Stress 
(MPa) A (MPa) n  

AT1 (7.00-7.75) 40.98±7.41 34.78±6.98 632.4±119.1 -0.021±0.006 
AT2 (8.00-8.75) 38.49±5.79 32.38±5.28 587.6±91.1 -0.022±0.004 
PL1 (7.00-7.75) 35.29±6.13 29.79±5.61 539.9±96.8 -0.022±0.006 
PL2 (8.00-8.75) 34.81±6.70 29.31±6.11 529.4±107.0 -0.021±0.005 

 
Table 3-8. Two-strand versus two-strand cyclic loading results 
Group (Loop 
Diameter Size) 

Average Young's Modulus 
During Loading (MPa) 

Average Young's Modulus 
During Unloading (MPa) 

AT1 (7.00-7.75) 991.1±232.1 1037.3±217.1 
AT2 (8.00-8.75) 914.3±205.0 958.7±190.5 
PL1 (7.00-7.75) 890.0±203.5 937.5±192.4 
PL2 (8.00-8.75) 877.3±215.2 924.4±199.8 

 
Table 3-9. Two-strand versus two-strand failure curve results 

Group (Loop 
Diameter Size) UTF (N) UTS (MPa) CSA (mm2) 

Young's Modulus 
During Failure 
(MPa) 

AT1 (7.00-7.75) 3880±512 86.6±13.1 45.39±4.75 1132.8±145.0 
AT2 (8.00-8.75) 4391±616 82.0±14.5 54.42±7.50 1084.9±163.3 
PL1 (7.00-7.75) 3519±453 75.8±12.6 46.91±4.96 977.9±143.1 
PL2 (8.00-8.75) 4264±524 78.3±11.5 54.88±4.40 1015.9±137.0 
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Table 3-10. Two-strand versus two-strand failure curve strain and extension results 
Group (Loop 
Diameter Size) 

Strain at 
Failure (%) 

Extension at 
Failure (mm) 

AT1 (7.00-7.75) 12.89±1.76 3.52±0.61 
AT2 (8.00-8.75) 13.45±2.94 3.67±0.94 
PL1 (7.00-7.75) 14.25±3.16 3.92±1.04 
PL2 (8.00-8.75) 13.85±2.52 3.81±0.83 

 
Table 3-11. Two-strand AT versus four-strand PL first relaxation results  
Group (Loop 
Diameter Size) 

Initial Stress 
(MPa) 

Final Stress 
(MPa) A (MPa) n 

AT3 (9.00-9.75) 36.77±8.00 26.86±6.41 567.9±125.9 -0.054±0.027 
PL4 (10.00-10.75) 36.95±7.10 27.09±5.53 577.9±110.4 -0.060±0.006 

 
Table 3-12. Two-strand AT versus four-strand PL recovery results  
Group (Loop 
Diameter Size) 

Initial Stress 
(MPa) 

 Final Stress 
(MPa)  A (MPa) n 

AT (9.00-9.75) 1.71±1.37 4.46±2.24 92.1±55.1 0.136±0.143
PL (10.00-10.75) 2.41±1.78 5.35±2.29 103.3±72.3 0.100±0.044

 
Table 3-13. Two-strand AT versus four-strand PL second relaxation results  
Group (Loop 
Diameter Size) 

Initial Stress 
(MPa) 

Final Stress 
(MPa) A (MPa) n  

AT3 (9.00-9.75) 32.94±7.26 27.58±6.38 493.8±110.9 -0.020±0.003 
PL4 (10.00-10.75) 32.65±6.06 27.40±5.52 500.0±94.3 -0.023±0.004 

 
Table 3-14. Two-strand AT versus four-strand PL cyclic loading results 
Group (Loop 
Diameter Size) 

Average Young's Modulus 
During Loading (MPa) 

Average Young's Modulus 
During Unloading (MPa) 

AT3 (9.00-9.75) 731.0±189 789.0±190 
PL4 (10.00-10.75) 771.0±174 801.0±169 

 
Table 3-15. Two-strand AT versus four-strand PL failure curve results  
Group (Loop 
Diameter Size) UTF (N) UTS (MPa) CSA 

(mm2) 
Young's Modulus 
During Failure (MPa) 

AT3 (9.00-9.75) 4882±615 80.5±13.9 61.64±8.51 1041.3±146.0 
PL4 (10.00-10.75) 5543±616 73.6±12.3 76.13±6.47 947.8±115.4 
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Table 3-16. Two-strand AT versus four-strand PL failure curve strain and extension 
results  

Group (Loop 
Diameter Size) 

Strain at 
Failure (%) 

Extension 
at Failure 
(mm) 

AT3 (9.00-9.75) 14.54±2.80 3.98±0.91
PL4 (10.00-10.75) 13.45±2.94 3.69±0.72



 

CHAPTER 4 
DISCUSSION  

This study showed limited difference between the PL and AT tendons as a 

function of LD size and number of strands. The two-strand versus two-strand evaluation 

showed a direct comparison of the AT and PL across two LD sizes. The four-strand 

versus two-strand evaluation performed a direct comparison of the two-strand AT graft 

with a 9.00 to 9.75 mm LD versus a four-strand PL graft with a 10.00 to 10.75 mm LD 

size. For both evaluations, no practical difference was found between the UTS, strain, 

stress relaxation properties, recovery properties, and Young’s modulus at various strain 

rates. The similarities in the mechanical characteristics of these ACL replacement graft 

options may be a result of both being lower-leg tendons, playing an active role in 

ambulatory motion and stability.  

Tensile stress is the amount of tensile force applied to a body per unit area. The 

UTS of a material is the maximum allowable stress a material can withstand before 

destructive failure occurs. The microstructure composition for a tendon type, 

responsible for the tendon’s mechanical characteristics, should be relatively consistent 

independent of size. Since UTS scales the UTF as a function of CSA, there should not 

be a variation in UTS for different LD sizes for the same tendon type. The data in this 

study supports this theory. Additionally, no practical difference between PL and AT 

tendons was observed.  

Strain is the amount of elongation that occurs when a load is applied. Ultimate 

strain is the strain at which failure occurs. A replacement implant for ACL reconstruction 

that exhibits too little ultimate strain would fail due to the elongation of the graft during 

flexion of the knee. The strain at failure for all groups in both evaluations was much 
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greater than the physiological strains experienced by the knee during all activities.40 

Additionally, no practical difference in strain at failure was found between any groups for 

both evaluations. 

In order to provide ambulatory motion, muscles in the legs contract. Tendons are 

responsible for transmitting this contraction force to the bone insertion site. If the tendon 

exhibits stress relaxation, more energy is necessary to contract the muscle further in 

order to maintain the same bone displacement. For this reason, a material with a slow 

relaxation rate is preferred. Additionally, a fast recovery rate of lower leg tendons is 

expected, as quick, repetitive loading is common during such activities as walking and 

running. 

Viscoelastic properties showed no practical difference between any groups for 

both evaluations. The stress relaxation and recovery curves were well estimated by the 

power law. Both stress relaxation rates proceeded at a much slower absolute rate when 

compared to the recovery rate for all groups. The third relaxation rate was the slowest 

relaxation rate of all three phases. This may show that additional crimp is present at a 

higher strain that was not removed during the loading at 50 N during the 18 minute 

freeze and at 100 N for 60 seconds. A difference of approximately 5 MPa was found 

during a comparison of the initial stress after the 1st relaxation phase versus the 2nd 

relaxation phase, while a difference of less than 1 MPa was found during a comparison 

of the final stress after the 1st relaxation phase versus the 2nd relaxation phase. This 

may show that each human tendon relaxes to a given stress at a specific strain, 

independent of previous work.  
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There were no practical differences in Young’s modulus at each strain rate 

between groups for both evaluations.  However, a difference between the Young’s 

modulus during the cyclic loading and failure curve was observed. For a viscoelastic 

material, parameters such as temperature,34,35 hydration state,31-33 and strain rate 

impact material properties26-30 impact the mechanical properties of the test sample. 

Temperature and hydration level during testing were held constant for all test samples; 

however, the strain rate of the cyclic loading differed from the strain rate of the load to 

failure. The cyclic loading was designed to replicate normal jogging. For this reason, the 

sinusoidal loading pattern was applied, with the fastest strain rate observed near the 

midline of the sinusoidal wave and the slowest strain rate near both the maximum and 

minimum forces. With a frequency of 1 Hz, the average strain rate was approximately 

1% per second for each loading and unloading cycle. A strain rate of 1% per second 

maintained a linear stress strain curve for each loading and unloading cycling. For the 

failure curve, a strain rate of 100% per second was used. Lee et al.26 determined a 

100% per second strain rate to be the correct strain rate in order to achieve a mid-

substance ACL failure, which was replicated in this study.   

For both the two-strand versus two-strand evaluation and the four-strand versus 

two-strand evaluation, the only practical differences were the CSA and UTF. The first 

practical difference for both evaluations was CSA. With a larger LD size, there is an 

increase in the area available for the LD tendon to pass. In Table 4-1, the theoretical 

CSA was calculated utilizing the average LD size of all the tendons in each group as the 

diameter for the calculation. The theoretical CSA calculations support the practical 

difference in CSA between LD sizes. For the two-strand versus two-strand evaluations, 
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no difference between the actual CSA and theoretical CSA was observed for each 

group. The difference between actual CSA and theoretical CSA increased for both 

tendons in the four-strand versus two-strand evaluation. For the PL4 group, the actual 

CSA values were smaller than the theoretical CSA values, showing that these grafts did 

not pack as efficiently through the LD sizing block as the two-strand grafts. However, 

this may be a result of size since both of the AT3 and PL4 had a small increase in the 

CSA difference. If this is true, it might indicate that the use of a smaller LD graft may 

have the ability to pack more area into a given bone tunnel. Further analysis of larger 

LD tendons is necessary to make such conclusions. 

 The second practical difference was the UTF for both evaluations. For both 

evaluations, the tendon groups with a large LD size displayed superior failure loads. For 

each tendon type, the microstructure should be relatively consistent independent of 

size. Therefore, each tendon type should maintain similar material properties across 

sizes, such as UTS and Young’s modulus. As previously mentioned, the UTS is equal to 

the UTF divided by the CSA. If the UTS remained the same and the CSA is increased, 

there will be an increase in the UTF, which was confirmed in this study. Although there 

is a practical difference between UTF across tendon LD size, all tendon groups tested 

at least twice as strong as the native ACL. This supports that all tendon graft options 

have adequate mechanical strength to serve as replacement grafts. 

As expected, the force range used to sort the tendons into groups did not have 

any impact on the mechanical properties. Each orthopaedic surgeon was given an 

opportunity to pull tendons through the LD sizing block. After each tendon, the surgeon 

was asked if this was an acceptable amount of force to pull through the bone tunnel 
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during an ACL reconstruction. The findings in this study support the common surgical 

method for sizing ACL replacement implants.  
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Table 4-1. Theoretical CSA compared to actual measured CSA 

Group Average LD 
(mm) 

Average 
LD CSA 
(mm2) 

Measured 
CSA 

(mm2) 

Difference between 
LD and Measured 

CSA (mm2) 

LD Avg 
Pull Force 

(N) 
AT1 7.53 44.53 45.39 -0.86 121.89 
AT2 8.43 55.81 54.42 1.39 109.22 
PL1 7.47 43.83 46.91 -3.09 102.93 
PL2 8.39 55.29 54.88 0.41 98.95 
AT3 9.3 67.93 61.6 6.33 112.46 
PL4 10.5 86.59 76.13 10.46 95.54 

 
 



 

CHAPTER 5 
TEST COMPARISONS: LIMITATIONS AND FUTURE RESEARCH  

Limitations  

Equivalent grip methods similar to the grip method used in this current study have 

been adopted by several researchers.15,16,19 This grip method allowed for no slippage or 

inadvertent destruction of the tendon sample during testing. Since each end is frozen at 

nearly -60˚C, the use of the warm water jacket is necessary to keep the tendon sample 

at a physiologically relevant temperature of 37˚C. With the application of the heat on the 

external surface of the tendon, non-uniform temperature distribution may have occurred 

between the external surface and the center of each strand. Since temperature has 

been well documented to affect the viscoelastic properties, comparing the current data 

to previous data performed at room temperature may explain the slight variation in 

values.   

Another factor to consider when using the current study’s grip method was 

hydration. Betsch and Baer found that dehydrated tendons displayed a higher stiffness 

when compared to hydrated tendons.42 Additionally, the amount of load relaxation 

decreased as the water content decreased in strips of patellar tendons.43 Also, tensile 

loading has been shown to increase the apparent diffusion coefficient, further reducing 

the hydration of the tendon test sample.32 Once the test sample was loaded, no 

additional hydration was provided. Dehydration during the 18 minute freezing and the 

tensile nature of the test procedure may have an impact on the mechanical 

characteristics  

The additional saline soak cycle for the four-strand grafts was examined. It was 

necessary to size the tendons individually first in order to know what LD size tendons 
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combined to form the given four-strand LD. The second thirty minute saline soak was 

utilized in order to ensure the four-strand tendon had the equivalent hydration. Post 

experimental data estimated that each thirty minute saline soak cycle caused 

approximately a 5% swell. A 5% swell reduction assumption for the CSA for the four-

strand tendons did not change any of the statistical results for the four-strand versus 

two-strand evaluation.  

The final limitation of the current study was the inability to compare the relaxation 

and recovery data to human ACL data. The current study grip method displayed 

consistent gripping of pure soft tissue grafts. Due to the short length and bone ends of 

the ACL, several revisions of the current gripping method did not display consistent 

proper failure modes. In order to determine practical differences between replacement 

graft groups, native ACL data is necessary.  

Future Research  

Future research includes more testing of two-strand and four-strand AT and PL for 

sizes not included in this study. Additionally, other pure soft tissue grafts used for ACL 

reconstruction procedures, such as semitendinosus and gracilis, will be included in 

future research. In order to achieve more relevant practical differences, the native ACL 

will be mechanically tested in a similar fashion.  

In order to predict the behavior of the ACL and soft tissue replacement grafts, a 

robust model requires a better understanding of the viscoelastic properties of each 

tendon. A testing procedure for human tendons with more relaxation and recovery 

phases at different strain levels, such as that performed by Duenwald et al.40 on porcine 

digital flexor tendons, would provide a better understanding of the relaxation and 

recovery rates at different strain levels. 
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The difference between actual CSA and theoretical CSA increased for both tendon 

groups in the four-strand versus two-strand evaluation. Further research with four-

strand and larger LD two-strand grafts is necessary to determine any practical 

difference between this difference growth as a function of LD size. This correlation may 

show that small LD tendons have a faster bone tunnel healing rate compared to large 

LD tendons due to their ability to pack more material into the bone tunnel. If true, this 

research may show that a small LD graft has a more rapid healing process while still 

having the appropriate mechanical strength, making it a better ACL replacement option. 

Additionally, this would suggest the use of two femoral and two tibial small tunnels for a 

four-strand reconstruction superior to a single large femoral and tibial tunnel.  
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