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Structured Abstract 31 

Purpose: Consensus about a pre-implant preparation protocol adaptable to any graft used in 32 

Anterior Cruciate Ligament (ACL) reconstruction is still lacking. In fact, there is not agreement on 33 

reliable metrics that consider both specific graft dimensional characteristics, such as its diameter, 34 

and the inherent properties of its constitutive material, i.e. ligaments or tendons. Aim of the present 35 

study was to investigate and propose the applied engineering stress as a possible metrics.  36 

Methods: Preconditioning and pretensioning protocol involved groups of grafts with different 37 

section (10 or 32 mm2) and materials (i.e. human patellar and hamstring tendons, and synthetic 38 

grafts). A 140 N load was applied to the grafts and maintained for 100 s. Initial stress and following 39 

stress-relaxation (a mechanical characteristic that can be related to knee laxity) were specifically 40 

analysed.  41 

Findings: Initial stress, ranging between 4 and 12 MPa, was affected primarily by the graft cross-42 

section area and secondarily by the choice of the graft material. In terms of loss of the initial stress, 43 

stress-relaxation behaviour varied instead on a narrower range, namely 13-17%.   44 

Interpretation: Engineering stress can be identified as the correct metrics to optimize the initial state 45 

of each graft to avoid excessive stiffness, laxity or fatigue rupture phenomena.  46 

 47 
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 53 

Introduction 54 

Anterior Cruciate Ligament (ACL) is one of the major ligaments within the human knee; It plays a 55 

critical role in joint stability since it avoids lateral dislocations of the femur with respect to tibia. 56 

Injuries of ACL are very common due to its prominent role and alteration of knee biomechanics as 57 

well as early development of osteoarthritis (OA) are some of the consequences of ACL damage 58 

[40].  These considerations lead clinicians toward ACL surgery reconstructions, in the last decade 59 

[32] that however  despite reporting promising short- to mid-term functional performance [39]  60 

are not fully able to prevent premature knee OA [15] as well as to a return of complete physical 61 

activities [34]. 62 

The paradigm at the basis of ACL reconstruction implies the use of grafts to mimic the functional 63 

behaviour of the native ligament. The most common approaches primarily rely on autologous grafts 64 

- including patellar tendon and hamstring tendon -, biological allografts, xenografts and - mostly in 65 

augmentation solutions - bioengineered synthetic grafts [12][44] . However, besides the choice and 66 

execution of the surgical technique, there are many aspects that may influence the success of ACL 67 

reconstruction, among them: the typology of graft selection and the preparation of the implant. 68 

Inappropriate graft properties remain indeed a main issue that limits the long-term success of ACL 69 

reconstructions [17]. This aspect is well-known in clinical practice, where excessive laxity can be 70 

found in reconstructed knees as the effect of the time-adaptation of the used grafts [9][10]. In 71 

particular, the impact of viscoelastic characteristics on graft tensioning is critical [31][37]. In this 72 

perspective, preconditioning and pretensioning of the graft aim precisely to eliminate tension and 73 

stiffness decay after final fixation, but a shared and validated preconditioning/pretensioning 74 

protocol is still lacking [28]. Some recent clinical protocols have been proposed by Zheng et al. 75 

[43], that, however  is  difficult to generalize to different graft diameter from those used by the 76 

authors. Indeed, the effect of the initial stress on the hereditariness of different tendons of the 77 



4 
 

human knee is still missing in scientific literature and only limited information about mammalian 78 

tendons may be found [31, 40]. Recently the effects of the initial elongations on the relaxation of 79 

some kind of fibrous tissue has been studied in stochastic context to assess a numerical predictive 80 

model for the mechanical features of the fibrous tissues [3]. 81 

In order to gain a robust and shared consensus about time-dependent behaviour of grafts used in 82 

surgical reconstructions, as first, the correct definitions should be introduced and shared. In this 83 

case, despite tension/stress appears as the fundamental terms  and in fact we talk about 84 

pretensioning [43] and stress relaxation [28] , current preconditioning protocols are carried out in 85 

terms of applied force, while stress depends on the graft section area, i.e. graft geometrical 86 

characteristics. 87 

The first assumption of this study is that  focusing on stress  a preconditioning protocol can be 88 

optimized with respect to the graft section, i.e. diameter, since geometrical factors affect, 89 

significatively, the results of the protocol [3]. The second assumption is that the protocol tuning on 90 

the graft diameter may be not sufficient to obtain an optimal outcome, because the grafts involves 91 

different tissue with different mechanical behaviour, although of the same size.  92 

In this experimental study these assumptions are investigated to provide the effects  of an in vitro  93 

mechanical test, mimicking a simple preconditioning/pretensioning protocol, and apply it to several 94 

graft samples used in ACL reconstruction. Final aim of this work is to identify reliable metrics able 95 

to support the optimal tuning of the initial loading conditions for any graft chosen in the treatment 96 

of ACL injury. 97 

Materials and methods 98 

Specimen selection and preparation 99 

The experimental campaign involved two different types of human tissues, namely patellar (P) and 100 

hamstring (H) tendons, and a commercial synthetic graft (S). This choice was justified by the fact 101 
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that these tissues are commonly used in ACL reconstruction [18]. They were collected from a 102 

Tissue Bank (Science Care, USA). The study was approved by the local Ethics Committee 103 

(p - . Tendons were stored at -80 °C and thawed in a 37 °C water bath for 104 

15 min prior to testing [16] and then prepared by an experienced orthopaedic surgeon. After 105 

preparation, each specimen was cleaned and cut at the same length before clamping (Fig. 1). Four 106 

different groups were prepared:  107 

- 2 2, with  pretensioning load of 140±18 N 108 

that corresponds to  4 MPa stress, equivalent to the pretensioning load of 160 N used in 109 

[43] for  7 mm diameter grafts and indicated as good for stiffness and strength.    110 

- , an H group with section 10±11 mm2, with pretensioning load of 140 N was 111 

applied. 112 

- 2 2, with a pretensioning load of 140 N was 113 

applied. 114 

- 2 2, with 115 

pretensioning load  of 140 N was applied. 116 

Each group was composed of six samples, as indicated in [26].   117 

Testing Procedure 118 

The aim of this study is the definition of 119 

conditions of grafts. The experimental set-up used to this aim has involved the use of a  single-axis 120 

electroforce dynamic system (Bose 3330, TA instruments) to perform uniaxial tensile tests. Sample 121 

principal fibres were qualitatively aligned along the machine loading axis (Fig. 1.d). Clamping was 122 

obtained with the aid of milled grips, involving sandpaper for the synthetic grafts and a surgical 123 

basting suture at the end of hamstrings grafts (Fig. 1.a) [35]. In order to obtain reliable results, a 124 
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specific experimental protocol consisting in four phases consecutively applied on the same sample 125 

was developed (Fig. 2): 126 

1. Preconditioning: specimens were preconditioned by harmonic load between 20 and 100 N, 127 

for twenty cycles at 0.25 Hz, thus to remove any crimping in the tendon fibrils caused by 128 

prolonged storage in a fixed position [23].  129 

2. Recovery: a 20 N load was maintained for 15 min to exhaust sample elongation. After 130 

recovery, the initial length of the specimen as well as its initial width and thickness were 131 

measured along three sections of mid-substance by using a standard digital caliper; 132 

measurements were repeated three times by two different operators and values were then 133 

averaged to calculate strain and engineering stress [25]. 134 

3. Pretensioning: a load was applied to induce pretension on the graft, considering a linear 135 

ramp with a loading rate of 315 N/s [13]. 136 

4. Stress relaxation: sample position reached in pretensioning was maintained for 100 s to 137 

mimic the behaviour of the grafts being implanted into the knee joint. 138 

During the whole experimental test, specimens were continuously moistened with saline 139 

solution [22]. Stress relaxation lasted 100 s, that is an observation time  chosen for accurate 140 

estimation of the phenomenon through a power-law model [33].  141 

Data and Statistical Analysis 142 

Mechanical characterization was obtained in terms of the engineering stress (t), obtained from the 143 

experimental data as  , where  is the force measured during the uniaxial test and  144 

is the average cross-sectional area measured at the end of the recovery phase.  145 

We denoted as the stress at the end of loading ramp (  )and therefore modelled the stress 146 

relaxation as: 147 
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                                           (1) 148 

where  is a decaying rate, expressing the speed of relaxation, whereas A is a coefficient of 149 

proportionality.  150 

A specific comparison was carried out between 2 2151 

highlight the influence of graft diameter. Further, two more 2152 

2 2 2  highlight the 153 

influence of graft materials.  154 

Comparisons were realized in terms of pretension , relaxation rate, , and loading loss at 100 s, 155 

, and were performed by using Wilcoxon-Ranksum test with a level of statistical 156 

significance p-value = 0.05.  157 

 158 

Results 159 

The experimental data from the mechanical tests reporting the normalized stress with superimposed 160 

power-law fitting, are reported in Fig. 3.  161 

The results about the pretension level (t) are collected in Fig. 4. The observation of the data shows 162 

that with a three times larger section A0, 2 the group presented about a three times 163 

lower (t) respect to the 2 ; difference was statistically significant (p-value 0.0248). 164 

No difference was present between different materials with same section.  165 

The relaxation rates  are collected in Fig.5. It can be observed that samples with larger section, in 166 

particular the 2 , shows faster relaxation if no statistical difference is present. 167 
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Loading loss,  (Fig. 6), is strictly connected with , as expected, since the faster is 168 

the relaxation, the higher is the tension decay in a given time interval. Thus, the 2  169 

showed the highest decay, but no statistical difference is present. 170 

Discussion 171 

The first assumption about the influence of the stress in the role of the ACL graft cross-section area 172 

(i.e. diameter), was specifically demonstrated by comparing grafts of the same typology, i.e. 173 

hamstring tendons, including different section areas. 174 

The second assumption, about the importance of the graft tissue, arise from the need to tune the 175 

preconditioning/pretensioning protocol for each graft. However, the protocol did not show any 176 

significantly different effect depending on the graft typology at least for the selected test conditions 177 

and analysis. 178 

The proposed preconditioning and based-on-stress pretensioning protocol shows comparable values 179 

of graft loss of tension after fixation, with respect to literature [36][14]. These findings further 180 

underlines the strong effect of pretensioning and hence the need to define a proper protocol in 181 

clinical applications.   182 

The influence of the graft cross-section has been observed primarily on pretension and also, with 183 

less extend on stress relaxation. In particular for H, the test yields an inverse relationship between 184 

graft area and pretensioning and a direct relationship between graft size and relaxation. The results 185 

obtained for P are in agreement with literature [1]. 186 

The pretensioning load influences the mechanics of the grafts  to a large extend  [43]. The Stress, 187 

defined as force on section area, appears as the correct metric to take into account both the 188 

contributes, with the aim to identify an optimal approach for graft selection and preparation. In fact, 189 

the inherent definition of stress could help comparing and exploiting the results obtained in different 190 
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studies. For instance,   i.e. an excessive applied force 191 

able to introduce alterations in structure , seem to be different if we consider a load of 340 N for a 192 

hamstring graft [43] and a load of 500 N for a hamstring-polyethylene hybrid transplant [19]. 193 

Nevertheless, focusing on cross-section area, we found that the first study used a graft diameter of 194 

about 7 mm, whereas the second of about 9 mm, thus both leading to a common indication in terms 195 

of stress (for both about 8 MPa). 196 

Indeed, stress is fundamental in interpreting structural-mechanical relationship [5][7][6][8]. The 197 

previously reported stress value of 8 MPa represents an important basis also to interpret our results. 198 

While Hingorani et al. [27] and Vena et al. [41] showed that a higher pretension load led to a higher 199 

level of relaxation, the behaviour identified in this work appeared to be quite different, presenting 200 

lower level of relaxation when higher stress was applied; anyhow in [27] only pre-damage strains 201 

were used and it was speculated that a separate behaviour may be identified at higher levels of 202 

induced stress. This could be indeed our case, since the higher stress values are all above the critical 203 

value of 8 MPa, thus micro-damages could have impaired a full reorganization of the tissues and 204 

therefore the overall relaxation behaviour.   205 

In the analysed testing conditions, the influence of different graft materials was not that evident. 206 

Despite few differences due to the proposed testing protocols, consistency with literature was 207 

specifically identified in tension level and rate of relaxation for both P and H samples [43][29][1] 208 

[24][13]. Unfortunately, no data for comparison were found in literature concerning synthetic graft, 209 

with particular attention to the specific polyethylene terephtalate material. 210 

Despite this study did not find different macroscopic behaviours related to the several grafts tested, 211 

their specificity should not be ignored. Micro-structural differences were in fact reported between 212 

hamstring and patellar tendons [20][21]. Although these grafts are of the same typology of tissue, 213 

they were harvested from different knee anatomical locations, definitely with a specific different 214 

function. For this reason, under mechanical test conditions different from these observed in this 215 
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study, some significant differences were highlighted [42]. For the analysed synthetic solution, 216 

differences with respect to hamstring were not attended in general, as hamstring graft represents a  217 

gold standard , thanks to a broad range of available analyses [13][30][11][19]. Nevertheless, new 218 

materials are under development to obtain optimal ACL graft properties [2], therefore focusing on 219 

stress - here proposed as one possible tuning metrics - can be useful to identify the optimal graft 220 

diameter.  221 

This study presented several limitations and that may be improved in the close future. Concerning 222 

testing, despite the use of several solutions to avoid slippage of the soft tissues, further experiments 223 

should necessarily consider the clamping performed on bone insertions or the use of special 224 

gripping techniques [38][4]. The obtained results show that the major limitation pertains to the 225 

small sample size and testing conditions, that did not allow us to completely generalize 226 

relationships between graft diameters and materials. Nevertheless, this study provided an important 227 

basis that can be used as a preliminary approach to optimize in particular the 228 

preconditioning/pretensioning protocol and, more in general, the choice of graft in the treatment of 229 

ACL injury.  230 

 231 

Conclusions 232 

A preconditioning and based-on-stress pretensioning protocol was proposed to reduce stress decay  233 

of ACL grafts after fixation within the knee joint. Stress, defined as force on cross-section area, 234 

resulted a useful metric to optimize the surgical protocol and can be used to reach a consensus in the 235 

preconditioning/pretensioning approach depending on graft choice. Furthermore, the presented 236 

findings supported the necessity to analyse the static and time-dependent mechanical behaviour of 237 

standard and innovative graft solutions, to increase the basic knowledge about them with the 238 

perspective of obtaining optimal clinical and functional outcomes. 239 



11 
 

 240 

241 



12 
 

 242 

References 243 

1.  Atkinson TS, Ewers BJ, Haut RC (1999) The tensile and stress relaxation responses of 244 

human patellar tendon varies with specimen cross-sectional area. J Biomech 32:907 914 245 

2.  Bach JS, Detrez F, Cherkaoui M, Cantournet S, Ku DN, Corté L (2013) Hydrogel fibers for 246 

ACL prosthesis: Design and mechanical evaluation of PVA and PVA/UHMWPE fiber 247 

constructs. J Biomech 46:1463 1470 248 

3.       Bologna, E., Lopomo, N., Marchiori, G., & Zingales, M. (2020). A non-linear stochastic 249 

approach of ligaments and tendons fractional-order hereditariness. Probabilistic Engineering 250 

Mechanics, 60, 103034. 251 

4.  Boniello MR, Schwingler PM, Bonner JM, Robinson SP, Cotter A, Bonner KF (2015) 252 

Impact of hamstring graft diameter on tendon strength: A biomechanical study. Arthrosc - J 253 

Arthrosc Relat Surg 31:1084-1090 254 

5.  Bowser JE, Elder SH, Rashmir-Raven AM, Swiderski CE (2011) A cryogenic clamping 255 

technique that facilitates ultimate tensile strength determinations in tendons and ligaments. 256 

Vet Comp Orthop Traumatol 24:370 373 257 

6.  Butler DL, Grood ES, Noyes FR, Zernicke RF, Brackett K (1984) Effects of structure and 258 

strain measurement technique on the material properties of young human tendons and fascia. 259 

J Biomech 17:579-596 260 

7.  Butler DL, Kay MD, Stouffer DC (1986) Comparison of material properties in fascicle-bone 261 

units from human patellar tendon and knee ligaments. J Biomech 19:425-432 262 

8.  Noyes FR, Butler DL, Grood ES, Zernicke RF, Hefzy MS (1984) Biomechanical analysis of 263 

human ligament grafts used in knee-ligament repairs and reconstructions. J Bone Joint Surg 264 

Am 66:344-352 265 



13 
 

9.  Chandrashekar N, Hashemi J, Slauterbeck J, Beynnon BD (2008) Low-load behaviour of the 266 

patellar tendon graft and its relevance to the biomechanics of the reconstructed knee. Clin 267 

Biomech 23:918-925 268 

10.  Chen Q, Pugno NM (2013) Bio-mimetic mechanisms of natural hierarchical materials: A 269 

review. J. Mech. Behav. Biomed. Mater. 19:3-33 270 

11.  Deo S, Getgood A (2015) A Technique of Superficial Medial Collateral Ligament 271 

Reconstruction Using an Adjustable-Loop Suspensory Fixation Device. Arthrosc Tech 272 

4:e261 e265 273 

12.  Dericks G (1995) Ligament advanced reinforcementsystem anterior cruciate ligament 274 

reconstruction. Oper Tech Sports Med 3:187 205 275 

13.  Van Dommelen JAW, Jolandan MM, Ivarsson BJ, Millington SA, Raut M, Kerrigan JR, 276 

Crandall JR, Diduch DR (2005) Pedestrian injuries: Viscoelastic properties of human knee 277 

ligaments at high loading rates. Traffic Inj Prev 6:278-287 278 

14.  Donahue TLH, Gregersen C, Hull ML, Howell SM (2001) Comparison of viscoelastic 279 

structural and material properties of doubled-looped anterior cruciate ligament grafts made 280 

from bovine digital tensor and human hamstring tendons. ASME J Biomech Eng 123:162281 

169 282 

15.  Elias JJ, Kilambi S, Ciccone WJ (2009) Tension level during preconditioning influences 283 

hamstring tendon graft properties. Am J Sports Med 37:334-338 284 

16.  Erhart-Hledik JC, Chu CR, Asay JL, Andriacchi TP (2017) Gait mechanics 2 years after 285 

anterior cruciate ligament reconstruction are associated with longer-term changes in patient-286 

reported outcomes. J Orthop Res 35:634 640 287 

17.  Conteduca F, Morelli F, Ferretti A (2003) Viscoelastic properties of the semitendinosus and 288 

gracilis tendons in reconstruction of the ACL: an in vivo evaluation. Chir. Organi Mov. 289 

88:75-82 290 



14 
 

18.  Freeman J, Kwansa A (2008) Recent Advancements in Ligament Tissue Engineering: The 291 

Use of Various Techniques and Materials for ACL Repair. Recent Patents Biomed Eng 1:18292 

23 293 

19.  Grassi A, Carulli C, Innocenti M, Mosca M, Zaffagnini S, Bait C, Bait C, Ampollini A, 294 

Carulli C, Compagnoni R, Ferrua P, Fravisini M, Grassi A, Mazzitelli G, Simonetta R (2018) 295 

New trends in anterior cruciate ligament reconstruction: A systematic review of national 296 

surveys of the last 5 years. Joints 6:177-187 297 

20.  Guillard C, Lintz F, Odri GA, Vogeli D, Colin F, Collon S, Chappard D, Gouin F, Robert H 298 

(2012) Effects of graft pretensioning in anterior cruciate ligament reconstruction. Knee 299 

Surgery, Sport Traumatol Arthrosc 20:2208-2213 300 

21.  Hadjicostas PT, Soucacos PN, Berger I, Koleganova N, Paessler HH (2007) Comparative 301 

Analysis of the Morphologic Structure of Quadriceps and Patellar Tendon: A Descriptive 302 

Laboratory Study. Arthrosc - J Arthrosc Relat Surg 23:744 750 303 

22.  Hadjicostas PT, Soucacos PN, Koleganova N, Krohmer G, Berger I (2008) Comparative and 304 

morphological analysis of commonly used autografts for anterior cruciate ligament 305 

reconstruction with the native ACL: An electron, microscopic and morphologic study. Knee 306 

Surgery, Sport Traumatol Arthrosc 16:1099 1107 307 

23.  Hamner DL, Brown CH, Steiner ME, Hecker AT, Hayes WC (1999) Hamstring tendon grafts 308 

for reconstruction of the anterior cruciate ligament: biomechanical evaluation of the use of 309 

multiple strands and tensioning techniques. J Bone Joint Surg Am 81:549 57 310 

24.  Hashemi J, Chandrashekar N, Slauterbeck J (2005) The mechanical properties of the human 311 

patellar tendon are correlated to its mass density and are independent of sex. Clin Biomech 312 

20:645 652 313 

25.  Haut Donahue TL, Howell SM, Hull ML, Gregersen C (2002) A biomechanical evaluation of 314 

anterior and posterior tibialis tendons as suitable single-loop anterior cruciate ligament grafts. 315 

Arthroscopy 18:589 597 316 



15 
 

26.  Haut RC, Powlison AC (1990) The effects of test environment and cyclic stretching on the 317 

failure properties of human patellar tendons. J Orthop Res 8:532 540 318 

27.  Health and Human Services, FDA (1993) Guidance document for the preparation of 319 

investigational device exemptions and premarket approval applications for intra-articular 320 

prosthetic ligament devices. FDA Website 1 43 321 

28.  Hingorani R V., Provenzano PP, Lakes RS, Escarcega A, Vanderby R (2004) Nonlinear 322 

viscoelasticity in rabbit medial collateral ligament. Ann Biomed Eng 32:306 312 323 

29.  Jisa KA, Williams BT, Jaglowski JR, Turnbull TL, LaPrade RF, Wijdicks CA (2016) Lack of 324 

consensus regarding pretensioning and preconditioning protocols for soft tissue graft 325 

reconstruction of the anterior cruciate ligament. Knee Surgery, Sport. Traumatol. Arthrosc. 326 

24:2884-2891 327 

30.  Johnson GA, Tramaglini DM, Levine RE, Ohno K, Choi NY, Woo SLY (1994) Tensile and 328 

viscoelastic properties of human patellar tendon. J Orthop Res 12:796 803 329 

31.      Lakes,  R.  S.;  Vanderby,  R. (1999). Interrelation  of  creep  and  relaxation:  a  modeling  330 

approach  forligaments. Journal of biomechanical engineering, 121.6: 612-615 331 

32.  Liu ZT, Zhang XL, Jiang Y, Zeng BF (2010) Four-strand hamstring tendon autograft versus 332 

LARS artificial ligament for anterior cruciate ligament reconstruction. Int Orthop 34:45-49 333 

33.  Lockwood WC, Marchetti DC, Dahl KD, Mikula JD, Williams BT, Kheir MM, Turnbull TL, 334 

LaPrade RF (2017) High-load preconditioning of human soft tissue hamstring grafts: An in 335 

vitro biomechanical analysis. Knee Surgery, Sport Traumatol Arthrosc 25:138-143 336 

34.  Mall NA, Chalmers PN, Moric M, Tanaka MJ, Cole BJ, Bach BR, Paletta GA (2014) 337 

Incidence and Trends of Anterior Cruciate Ligament Reconstruction in the United States. Am 338 

J Sports Med 42:2363 2370 339 

35.  Manley E, Provenzano PP, Heisey D, Lakes R, Vanderby R (2003) Required test duration for 340 

group comparisons in ligament viscoelasticity: a statistical approach. Biorheology 40:441 50 341 



16 
 

36.  McLean SG, Mallett KF, Arruda EM (2015) Deconstructing the Anterior Cruciate Ligament: 342 

What We Know and Do Not Know About Function, Material Properties, and Injury 343 

Mechanics. J Biomech Eng 137:020906  doi:10.1115/1.4029278 344 

37.  Ng BH, Chou SM, Krishna V (2005) The influence of gripping techniques on the tensile 345 

properties of tendons. Proc Inst Mech Eng Part H J Eng Med 219:349 354 346 

38.  Nurmi JT, Kannus P, Sievänen H, Järvelä T, Järvinen M, Järvinen TLN (2004) Interference 347 

Screw Fixation of Soft Tissue Grafts in Anterior Cruciate Ligament Reconstruction: Part 2: 348 

Effect of Preconditioning on Graft Tension during and after Screw Insertion. Am J Sports 349 

Med 32:418-424 350 

39.  Pilia M, Murray M, Guda T, Heckman M, Appleford M (2015) Pretensioning of Soft Tissue 351 

Grafts in Anterior Cruciate Ligament Reconstruction. Orthopedics 38:e582-e587 352 

40.      Pioletti DP, Rakotomanana, LR. (2000). On the independence of time and strain effects in 353 

thestress relaxation of ligaments and tendons. Journal of biomechanics, 33(12), 1729-1732 354 

41.  Shi DF, Wang DM, Wang CT, Liu A (2012) A novel, inexpensive and easy to use tendon 355 

clamp for in vitro biomechanical testing. Med Eng Phys 34:516 520 356 

42.  Streich NA, Reichenbacher S, Barie A, Buchner M, Schmitt H (2013) Long-term outcome of 357 

anterior cruciate ligament reconstruction with an autologous four-strand semitendinosus 358 

tendon autograft. Int Orthop 37:279 284 359 

43.  Vacek PM, Slauterbeck JR, Tourville TW, Sturnick DR, Holterman L -a., Smith HC, Shultz 360 

SJ, Johnson RJ, Tourville KJ, Beynnon BD (2016) Multivariate Analysis of the Risk Factors 361 

for First-Time Noncontact ACL Injury in High School and College Athletes: A Prospective 362 

Cohort Study With a Nested, Matched Case-Control Analysis. Am J Sports Med 44:1492-363 

1501 364 

44.  Vena P (2006) A Constituent-Based Model for the Nonlinear Viscoelastic Behavior of 365 

Ligaments. J Biomech Eng 128:449-457 366 



17 
 

45.  Wilson TW, Zafuta MP, Zobitz M (1999) A Biomechanical Analysis of Matched Looped 367 

Semitendinosus and Gracilis Tendon Grafts. Am J Orthop 27:202 207 368 

46.  Zheng X, Xu W, Gu J, Hu Y, Cui M, Feng Y, Gao S (2018) Effects of graft preconditioning 369 

on gamma-irradiated deep frozen tendon allografts used in anterior cruciate ligament 370 

reconstruction. Exp Ther Med 16:1338 1342 371 

47.  Zaffagnini S, Grassi A, Muccioli GMM, Di Sarsina TR, Raggi F, Benzi A, Marcacci M 372 

(2015) Anterior cruciate ligament reconstruction with a novel porcine xenograft: The initial 373 

Italian experience. Joints 3:85 90 374 

 375 

 376 

 377 

 378 

 379 

Figure Captions:  380 

 381 

Figure 1. Preparation for testing of: hamstring tendon sample H (a), patellar tendon samples P (b), 382 

synthetic ligament S (c). A P sample clamped in the traction machine (d). 383 

 384 

Figure 2. Scheme of the testing protocol, where F is the vertical force read by the load cell. 385 

 386 

Figure 3. Stress relaxation dimensionless mean curves (markers) for patellar P, hamstring H and 387 

synthetic S samples with section area 32 or 10 mm2, and relative power fitting superimposed 388 

(t) is the tension at the beginning of the relaxation 389 

(pretension).  390 

 391 
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Figure 4. Pretension (t) for patellar P, hamstring H and synthetic S samples with section area 32 or 392 

10 mm2.  393 

 394 

Figure 5. Relaxation rate for patellar P, hamstring H and synthetic S samples with section area 32 395 

or 10 mm2. 396 

 397 

Figure 6. Loading loss,  for patellar P, hamstring H and synthetic S samples with section 398 

area 32 or 10 mm2. 399 
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