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Abstract 21 

Background: Poor bone quality can compromise suture anchor fixation during rotator cuff 22 

repair. This study compared five fixation strategies in a standardized model of osteoporotic 23 

bone and explored their mechanical behavior using finite element analysis. 24 

Methods: Six groups of eight polyurethane foam constructs were tested: five osteoporotic 25 

configurations comprising non-reinforced single anchors, cement-augmented anchors, buddy 26 
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anchors, conventional transosseous sutures, and transosseous suture tape, plus a higher-27 

density non-reinforced anchor reference group. Anchor constructs were loaded through steel 28 

wire, whereas transosseous constructs used suture or tape. Axial loading was applied at 1 29 

mm/s. Failure loads were summarized as means and standard deviations and compared using 30 

one-way analysis of variance with post hoc comparisons. Five CT-based finite element 31 

models were used to explore displacement and stress distributions. 32 

Results: The mean ultimate failure load was 122.17 ± 10.08 N in the osteoporotic non-33 

reinforced anchor group and 279.97 ± 18.38 N in the higher-density reference group (P < 34 

0.001). Under osteoporotic conditions, cement augmentation had the highest mean failure 35 

load (338.55 ± 28.52 N), followed by transosseous suture tape fixation (201.05 ± 22.55 N), 36 

buddy anchor fixation (192.96 ± 12.78 N), and conventional transosseous suture fixation 37 

(116.00 ± 9.79 N). No statistically significant differences were detected between 38 

conventional transosseous and non-reinforced anchor fixation (P = 0.9882), or between 39 

buddy anchor and transosseous suture tape fixation (P = 0.9612). The simulations suggested 40 

different patterns of load transfer at the anchor interface and lateral bone tunnel outlet. 41 

Conclusions: Cement augmentation produced the highest initial fixation strength under the 42 

tested conditions. Buddy anchor and transosseous suture tape fixation provided intermediate 43 

failure loads. These findings concern initial fixation in a simplified model and do not 44 

establish clinical superiority or resistance to repeated loading. 45 

Keywords: Rotator cuff repair; Osteoporosis; Suture anchor; Cement augmentation; 46 

Transosseous fixation; Biomechanics; Finite element analysis 47 

Background 48 

Degenerative rotator cuff tears are an important cause of shoulder dysfunction, and treatment 49 

decisions depend on tear characteristics and patient factors [1]. Suture anchor fixation is 50 

widely used in repair, but failure can occur at different interfaces within the repair construct 51 

[2]. The capacity of the bone–anchor interface to withstand loading is particularly relevant 52 
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when bone quality is poor. Previous work has related anchor pullout strength to local bone 53 

mineral density [3], and early anchor pullout has been reported after arthroscopic repair [4]. 54 

Several strategies have been proposed to improve fixation when anchor purchase is 55 

inadequate. Polymethylmethacrylate (PMMA) cement augmentation can improve fixation in 56 

cadaveric humeri [5]. A polyurethane foam study also examined augmentation in osteopenic 57 

and severely osteoporotic models [6]. Adjacent, or buddy, anchors provide another option for 58 

managing a loose anchor [7], while the broader management of poor-quality bone and tissue 59 

may require changes to the repair construct [8]. 60 

Transosseous fixation transfers load through bone tunnels rather than relying on an anchor. 61 

Its performance depends on the bone–suture interface as well as tunnel geometry and suture 62 

properties. Braided tape has shown greater bone pull-through strength than conventional wire 63 

suture in a cadaveric greater tuberosity study [9]. However, these findings do not establish 64 

how tape-based fixation compares with cement augmentation or buddy anchors under the 65 

same low-density bone conditions. 66 

Existing augmentation studies address important aspects of anchor fixation, but differences in 67 

bone models, implants and loading protocols complicate comparisons between techniques 68 

[5,6,10]. The present study therefore compared non-reinforced anchor fixation, cement-69 

augmented anchor fixation, buddy anchor fixation, conventional transosseous suture fixation 70 

and transosseous suture tape fixation within a standardized osteoporotic foam model. Axial 71 

failure testing was combined with an exploratory finite element analysis to examine initial 72 

fixation strength and potential differences in load transfer. 73 

Methods 74 

Study design 75 

This laboratory study combined destructive axial testing of synthetic bone constructs with 76 

finite element analysis of five fixation configurations. The primary experimental outcome 77 
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was ultimate failure load. A higher-density non-reinforced single anchor construct was 78 

included as a reference for the combined effect of cancellous foam density and cortical layer 79 

thickness. Eight specimens were prepared for each of six groups, giving 48 constructs. The 80 

sample size was selected on practical grounds, including material cost, rather than a reported 81 

a priori power calculation. 82 

Synthetic bone model preparation 83 

Open-cell polyurethane foam of 7.5 lb/ft³ (approximately 120 kg/m³) and 15 lb/ft³ 84 

(approximately 240 kg/m³) represented osteoporotic and higher-density cancellous bone, 85 

respectively. The cancellous blocks measured 50 × 60 × 40 mm. Closed-cell foam of 30 lb/ft³ 86 

(approximately 480 kg/m³) represented the cortical layer. Plates measuring 50 × 60 mm were 87 

2 mm thick for osteoporotic constructs and 3 mm thick for the higher-density reference 88 

constructs. Corresponding layers were bonded with epoxy resin and allowed to bond firmly 89 

before testing (Fig. 1). Polyurethane models have previously been used in studies of 90 

augmented suture anchor fixation [6,10]. 91 

The two model conditions differed in both cancellous density and cortical layer thickness. 92 

Accordingly, the between-model comparison assessed the combined effect of these features 93 

rather than the independent effect of bone mineral density. 94 

Fixation configurations 95 

The osteoporotic non-reinforced single anchor group (OS-NRSA) and higher-density 96 

reference group (ND-NRSA) used 5.0-mm fully threaded metallic anchors. A 4.0-mm 97 

Kirschner wire was used to prepare a pilot hole perpendicular to the cortical surface to a 98 

depth of 20 mm before anchor insertion. In all anchor groups, the original suture was 99 

replaced by 0.6-mm-diameter steel wire to reduce the likelihood of suture rupture during 100 

testing. The transosseous groups retained suture or tape as their loading connectors. 101 
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In the osteoporotic bone cement-augmented anchor group (OS-BCRA), the anchor was first 102 

inserted into the pilot hole and then unscrewed to prepare the insertion channel. Cement was 103 

mixed according to the manufacturer’s instructions. Approximately 1 mL was injected 104 

through a 5-mL syringe during the stringy phase, and the anchor was immediately reinserted. 105 

The cement was allowed to cure for 24 h before testing. The selected volume was informed 106 

by preliminary work in the same cadaveric humerus subsequently used for CT-based finite 107 

element reconstruction, and radiographs were obtained after setting to assess cement 108 

distribution in the foam constructs (Fig. 2). The channel was not subjected to destructive 109 

pullout before augmentation. 110 

In the osteoporotic buddy anchor group (OS-BDA), the first anchor was inserted as described 111 

for OS-NRSA. While tension was maintained on the primary anchor, a second pilot hole was 112 

drilled with a 4.0-mm Kirschner wire immediately adjacent to its thread surface. A second 113 

anchor was inserted to interlock the threads of the two anchors. Mechanical loading was 114 

applied to the primary anchor only. 115 

For the two transosseous groups, an additional 2-mm-thick layer of 30 lb/ft³ closed-cell foam 116 

was bonded to the lateral surface with epoxy resin. A 4.0-mm Kirschner wire created two 117 

perpendicular communicating tunnels. The vertical tunnel entered the top surface 15 mm 118 

from the lateral side and extended 15 mm in depth. The horizontal tunnel entered the lateral 119 

surface 15 mm below the top and extended 15 mm to meet the vertical tunnel. The 120 

osteoporotic conventional transosseous suture group (OS-STS) used No. 2 FiberWire passed 121 

through the tunnels and tied. The osteoporotic transosseous suture tape group (OS-STTS) 122 

used the same tunnel configuration with 2-mm-wide tape (Smith & Nephew). 123 

Axial loading to failure 124 

Each construct was secured in an Instron E10000 testing machine using a custom clamp 125 

mounted on an XY positioning platform. The steel wire, suture or tape was formed into a 126 

loop and connected to a traction hook. Approximately 1 N of preload was applied, followed 127 



6 

by axial tensile loading at 1 mm/s. Failure was defined as a sudden decrease in the load–128 

displacement curve or displacement reaching 10 mm. The highest force recorded up to this 129 

endpoint was defined as the ultimate failure load. 130 

The term ultimate failure load is used across all groups because transosseous constructs do 131 

not contain an anchor and their failure need not involve anchor pullout. The protocol assessed 132 

initial strength under monotonic loading; cyclic loading was not performed. 133 

Finite element model construction 134 

The finite element geometry was reconstructed from a right cadaveric humerus from a 75-135 

year-old male donor, supplied by the Department of Anatomy, Southwest Medical 136 

University. The specimen had no reported deformity or tumor and a reported bone mineral 137 

density of 0.495 g/cm². This was the same humerus used in the preliminary cement-138 

augmentation work illustrated in Fig. 2A. CT images were acquired using a Philips 128-row 139 

scanner before and after cement-augmented anchor insertion. The recorded slice interval and 140 

thickness were 1.0 and 0.55 mm, respectively. DICOM images were segmented by 141 

thresholding and filling in Mimics 25.0 to reconstruct the humerus and cement. STL models 142 

were repaired, smoothed and fitted in Geomagic 2021 (Fig. 3). 143 

Anchor geometry was acquired using a KSCAN-MAGIC three-dimensional scanner. The 144 

humerus, anchor and cement geometries were assembled in 3-Matic. Sutures were modeled 145 

with a diameter of 0.6 mm, and tape with a width of 2 mm and thickness of 0.6 mm. The five 146 

fixation configurations are shown in Fig. 4. Anchors were positioned approximately 10 mm 147 

posterior to the bicipital groove, at the junction of the greater tuberosity and articular 148 

cartilage, with their axes parallel to the humeral axis. The buddy anchor was placed 149 

immediately posterior to the primary anchor with interlocking threads. Transosseous tunnel 150 

entry sites were located at the greater tuberosity–cartilage junction and on the lateral surface 151 

15 mm below the lateral edge of the greater tuberosity. 152 
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Material properties and boundary conditions 153 

Humeral material properties were assigned from CT grayscale values in Mimics (Fig. 5). The 154 

recorded mapping was ρ = −0.009 + 0.0007 × HU, where ρ is density in g/cm³ and HU is the 155 

CT value in Hounsfield units. Young’s modulus E, in MPa, was calculated as 14,664 156 

multiplied by ρ raised to the power 1.49. The non-bone material parameters are listed in 157 

Table 1. Previous finite element studies provide broader methodological context [11–13]. 158 

The distal cut surface of the humerus was fully constrained, and loading was applied parallel 159 

to the humeral axis (Fig. 6). Sliding was permitted at the specified fixation–bone interfaces. 160 

The recorded friction coefficients were 0.30 for cement–bone contact, 0.40 for anchor–bone 161 

contact, and 0.46 for suture/tape–bone contact. The remaining interfaces were described as 162 

tied. Anchor orientation and loading direction may influence local stress distributions [14]. 163 

Table 1 Material parameters reported for the finite element models 164 

Material Young’s modulus (MPa) Poisson’s ratio 

Titanium alloy anchor 11000 0.28 

PMMA cement 3000 0.40 

Suture / suture tape 10729 0.40 

Values are retained from the original manuscript. See AQ08 for verification of the anchor 165 

modulus and parameter sources. Bone properties require the CT-to-material mapping 166 

described in Methods. 167 

Numerical verification and outcome measures 168 

The humerus, anchors, cement, sutures and tape were meshed in 3-Matic using four-node 169 

tetrahedral solid elements (C3D4). Model-specific node and element counts are reported in 170 

Table 2. The finite element outcomes were maximum displacement, stress distribution and 171 

maximum von Mises equivalent stress. These outputs were used to explore possible load-172 
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transfer mechanisms; stress localization alone was not interpreted as experimental evidence 173 

of material failure. 174 

Table 2 Node and element counts in the finite element models 175 

Model Nodes Elements 

OS-NRSA 38952 175434 

OS-BCRA 42859 186815 

OS-BDA 67438 293661 

OS-STS 56011 233342 

OS-STTS 124610 498371 

All components were meshed using C3D4 elements. Mesh counts do not establish mesh 176 

convergence (AQ09). 177 

Statistical analysis 178 

Analyses were performed in GraphPad Prism 10.1.2. Continuous data were assessed using 179 

the Shapiro–Wilk test and summarized as mean ± standard deviation (SD). The six 180 

experimental groups were compared using one-way analysis of variance followed by pairwise 181 

post hoc comparisons. The significance threshold was P < 0.05. Individual finite element 182 

model outputs were reported descriptively and were not treated as replicated experimental 183 

measurements. 184 

Use of artificial intelligence in manuscript preparation 185 

An OpenAI large language model was used to assist with English-language revision, 186 

manuscript organization and identification of reporting inconsistencies. It was not used to 187 

generate experimental observations or finite element simulation outputs. 188 
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Results 189 

Failure load in the two synthetic bone conditions 190 

Ultimate failure loads are summarized in Table 3 and Fig. 7. The mean failure load was 191 

279.97 ± 18.38 N in ND-NRSA and 122.17 ± 10.08 N in OS-NRSA (P < 0.001). This 192 

corresponds to an approximately 56.4% lower mean failure load in the construct combining 193 

lower-density cancellous foam and a thinner cortical layer. 194 

Table 3 Ultimate failure loads of the fixation constructs 195 

Group Ultimate failure load (N) 

ND-NRSA 279.97 ± 18.38 

OS-NRSA 122.17 ± 10.08 

OS-BCRA 338.55 ± 28.52 

OS-BDA 192.96 ± 12.78 

OS-STS 116.00 ± 9.79 

OS-STTS 201.05 ± 22.55 

Data are mean ± SD; n = 8 per group. Values follow the results table because the bar chart 196 

does not label exact means or SDs. The source selection follows the author-approved 197 

hierarchy (AQ02). Group abbreviations are defined in the list of abbreviations. 198 

Comparison of fixation strategies under osteoporotic conditions 199 

The overall comparison across the six experimental groups was reported as statistically 200 

significant (P < 0.0001). OS-BCRA had the highest mean ultimate failure load, 338.55 ± 201 

28.52 N, representing an approximately 177.1% increase relative to OS-NRSA. Its mean 202 

failure load also exceeded that of ND-NRSA. 203 

The mean failure loads were 192.96 ± 12.78 N for OS-BDA and 201.05 ± 22.55 N for OS-204 

STTS. OS-BDA therefore had a mean failure load approximately 57.9% higher than OS-205 



10 

NRSA. The mean load in OS-STS was 116.00 ± 9.79 N. Post hoc comparisons did not detect 206 

differences between OS-NRSA and OS-STS (P = 0.9882), or between OS-BDA and OS-207 

STTS (P = 0.9612). All remaining pairwise comparisons were reported as significant (P < 208 

0.0001), subject to verification of the test and its output (AQ10). The non-significant 209 

comparisons do not establish equivalence. 210 

Observed failure modes 211 

Single-anchor pullout was described in ND-NRSA and OS-NRSA. In OS-BCRA, the anchor 212 

and surrounding cement were extracted together. In OS-BDA, the two interlocked anchors 213 

were pulled out together. Both transosseous groups showed cutting of the simulated cortical 214 

layer at the lateral outlet of the horizontal tunnel. Representative post-test appearances are 215 

shown in Fig. 8. 216 

Exploratory finite element findings 217 

Using the group assignments in the current Fig. 9 legend, the displayed displacement values 218 

were 0.4450 mm for OS-NRSA (panel A), 0.02454 mm for OS-BDA (panel C), 0.01520 mm 219 

for OS-STS (panel D), and 0.1229 mm for OS-STTS (panel E). Panel B displays S, Mises 220 

rather than displacement, so no displacement value is reported here for OS-BCRA. The stress 221 

values displayed in Fig. 10 were 103.3 MPa for OS-NRSA, 51.80 MPa for OS-BCRA, 246.4 222 

MPa for OS-BDA, 246.4 MPa for OS-STS, and 265.2 MPa for OS-STTS. These are 223 

transcriptions of the numerical extrema displayed in the figures under their current group 224 

labels; the labeling and output-region limitations are specified in AQ13. 225 

The simulations were described as showing stress around the anchor interface in OS-NRSA, 226 

transfer through the cement–bone interface in OS-BCRA, and stress around both anchors in 227 

OS-BDA. In the transosseous constructs, stress was concentrated near the lateral cortical 228 

tunnel outlet. These observations suggest possible differences in load transfer, but their 229 
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quantitative interpretation requires confirmation of the loading conditions, output regions and 230 

figure consistency. 231 

Discussion 232 

This study compared the initial fixation performance of five constructs within a standardized 233 

low-density synthetic bone model. Cement augmentation produced the highest mean failure 234 

load, while buddy anchor fixation and transosseous suture tape fixation produced 235 

intermediate values. Conventional transosseous suture fixation did not show a statistically 236 

detectable improvement over non-reinforced anchor fixation. The main contribution is the 237 

comparison of these options under a common experimental setup, rather than a demonstration 238 

that cement augmentation can improve fixation for the first time. 239 

The lower failure load in the osteoporotic construct is consistent with previous evidence that 240 

bone quality affects anchor fixation [3]. However, the present comparison changed both 241 

cancellous foam density and cortical layer thickness. The approximately 56.4% reduction 242 

therefore cannot be attributed to cancellous density alone or directly translated into the effect 243 

of osteoporosis in patients. The model provides controlled comparisons of constructs but does 244 

not reproduce the full spectrum of bone architecture or biological disease. 245 

Cement augmentation has improved anchor fixation in previous cadaveric and foam studies 246 

[5,6]. The higher failure load observed here is consistent with that evidence. Load transfer 247 

through a cement mantle is a plausible explanation, and cement–bone interface behavior has 248 

been examined in micromechanical modeling [12]. Nevertheless, the current simulation 249 

requires verification before differences in peak stress can be used as strong mechanistic 250 

evidence. An ultimate failure load greater than that of the higher-density reference group does 251 

not establish superior repair healing, clinical safety or durability. 252 

Buddy anchor fixation and transosseous suture tape fixation showed no statistically 253 

significant difference in failure load. Their load-transfer mechanisms differ: interlocked 254 

anchors may increase mechanical support around the fixation site, whereas wider tape may 255 
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distribute contact forces over a larger bone surface [7–9]. The observed joint pullout of the 256 

two anchors is compatible with mechanical interaction, but does not quantify the separate 257 

contributions of interference fit, cortical support and load sharing. Only the primary anchor 258 

was loaded in this experiment; the study therefore did not test any additional benefit from 259 

using sutures attached to both anchors. The absence of a significant difference does not 260 

establish clinical interchangeability. 261 

Conventional transosseous fixation did not improve the measured endpoint relative to non-262 

reinforced anchor fixation. Transosseous constructs avoid dependence on anchor purchase 263 

but remain dependent on tunnel geometry and cortical support. Cutting at the lateral cortical 264 

outlet was observed in both transosseous groups, consistent with the reported location of 265 

stress concentration. This agreement is qualitative and does not validate the predicted stress 266 

magnitude or establish a material failure threshold. The higher failure load with tape supports 267 

a benefit under the tested conditions, but does not demonstrate elimination of cortical cut-268 

through. 269 

Finite element analysis can complement mechanical testing by illustrating internal stress 270 

patterns that are difficult to measure directly. Its value depends on material assignments, 271 

contact conditions, mesh convergence and validation. In the present study, the finite element 272 

geometry came from one human humerus, whereas the mechanical tests used synthetic 273 

blocks. The simulations should therefore be regarded as exploratory mechanical analyses 274 

unless their relationship to the experimental constructs is established quantitatively. Peak 275 

stress alone, without an appropriate failure criterion, cannot establish failure load or failure 276 

mechanism. 277 

The findings are relevant to the mechanical selection of fixation strategies when bone 278 

purchase is poor, but they do not support a universal clinical recommendation. Cement use 279 

also raises questions concerning leakage, thermal effects and later revision [8]. Decisions in 280 

surgery must account for the condition of the tendon, the repair configuration and the 281 
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properties of the available implants, none of which were fully represented by the isolated 282 

fixation tests. 283 

Several limitations restrict interpretation. First, synthetic foam does not reproduce trabecular 284 

architecture, local variation, remodeling or tendon–bone healing. Second, the sample size was 285 

selected for practical reasons, and eight specimens per group provide limited information on 286 

variability. Third, monotonic axial loading does not reproduce repeated or multidirectional 287 

loading after repair. Fourth, anchor constructs were loaded through steel wire, whereas 288 

transosseous constructs were loaded through suture or tape; connector properties can affect 289 

construct displacement and failure behavior. The protocol primarily assessed initial bone-side 290 

fixation rather than a complete tendon repair. Fifth, the results depend on the tested implant 291 

geometry, cement volume, cortical layers and tunnel configuration. Sixth, the finite element 292 

analysis used a single human humerus rather than the foam geometry used for mechanical 293 

testing. Its load definition, material inputs, output regions, numerical verification and 294 

validation require confirmation. Maximum displacement may include connector deformation 295 

and should not automatically be interpreted as displacement at the fixation–bone interface. 296 

Finally, no clinical outcomes were assessed. Future work should examine cyclic loading and 297 

failure mechanisms in cadaveric constructs before assessing clinical effectiveness. 298 

Conclusions 299 

In the tested synthetic osteoporotic bone constructs, PMMA cement augmentation produced 300 

the highest ultimate failure load. Buddy anchor fixation and transosseous suture tape fixation 301 

yielded intermediate values, while conventional transosseous suture fixation did not show an 302 

improvement over non-reinforced anchor fixation. These results describe initial mechanical 303 

fixation under one loading protocol. Further validation is required before inferring resistance 304 

to repeated loading or clinical benefit. 305 
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Figure legends 377 

 378 
Fig. 1 Synthetic bone constructs. A, Osteoporotic construct with 7.5 lb/ft³ cancellous foam 379 

and a 2-mm cortical layer. B, Higher-density reference construct with 15 lb/ft³ cancellous 380 

foam and a 3-mm cortical layer. 381 

 382 
Fig. 2 Cement-augmented anchor fixation. A, Image of the cadaveric humerus used in 383 

preliminary cement-augmentation work and subsequent finite element reconstruction, 384 

informing the approximately 1-mL cement volume. B, Cement-augmented anchor in a 385 

synthetic bone construct. 386 
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 387 
Fig. 3 Reconstructed humeral geometry. Surface reconstruction of the humeral model using 388 

Geomagic. 389 

 390 
Fig. 4 Finite element fixation configurations. A, OS-NRSA. B, OS-BCRA. C, OS-BDA. D, 391 

OS-STS. E, OS-STTS. Abbreviations are defined in the list of abbreviations. 392 
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 393 
Fig. 5 CT-based assignment of humeral material properties. Illustration of the grayscale-394 

based material-assignment workflow in Mimics. 395 

 396 
Fig. 6 Finite element constraints and loading direction. The distal cut surface was constrained 397 

in all directions. The arrow indicates loading parallel to the humeral axis. 398 
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 399 
Fig. 7 Ultimate failure loads of the six fixation groups. Group abbreviations are defined in the 400 

list of abbreviations. Mean ± SD values are provided in Table 3. 401 

 402 
Fig. 8 Representative failure appearances. A, ND-NRSA single-anchor pullout. B, OS-NRSA 403 

single-anchor pullout. C, Anchor and cement extracted together in OS-BCRA. D, Joint 404 

pullout of the two anchors in OS-BDA. E and F, Lateral cortical cutting in OS-STS and OS-405 

STTS, respectively. 406 
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 407 
Fig. 9 Displacement distributions in the five finite element models. Intended group order: A, 408 

OS-NRSA; B, OS-BCRA; C, OS-BDA; D, OS-STS; E, OS-STTS. Numerical displacement 409 

readings are transcribed in Results using these group labels. Panel B currently displays stress 410 

and does not provide a displacement measurement (AQ13). Displacement units require 411 

confirmation as millimeters. 412 

 413 
Fig. 10 Equivalent stress distributions in the five finite element models. Intended group order: 414 

A, OS-NRSA; B, OS-BCRA; C, OS-BDA; D, OS-STS; E, OS-STTS. The displayed maxima 415 

are 103.3, 51.80, 246.4, 246.4 and 265.2, respectively; units are treated as megapascals in the 416 
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manuscript, subject to confirmation of the model unit system. The C/D maxima and output 417 

regions require verification (AQ13). 418 


