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Abstract
Purpose: Little is known about the direct influence of different technical options at the rotator cuff tendon-bone
interface (TBI) and, more specifically, at the medial bearing row (MBR), regarding local contact force, area and pressure.
We evaluated the mechanical repercussions of different medial row anchor configurations for that setting using different values of tension in the lateral row anchors.
Methods: Knotless transosseous equivalent (TOE) rotator cuff repairs with locked versus nonlocked medial anchors
and single versus double-hole suture passage were tested in a synthetic rotator cuff mechanical model, using 2
different values of lateral row tension. Contact force, area, pressure, peak force and MBR force were compared at the
simulated TBI using a pressure mapping sensor.
Results: When compared to locked anchors, medial row sliding configurations generate lower values for all the
above-mentioned parameters.
The use of double-hole suture passage in the medial cuff generated slightly higher values contact area regardless
of lateral row tension. At higher lateral row tension values, lower values of the remaining parameters, including MBR
force, were found when compared to single-hole suture passage.
Lateral row anchor tension increase induced an increase of all parameters regardless of the medial row configuration
and TBI contact force and MBR force were the most susceptible parameters, regardless of the medial row pattern.
Conclusion: Medial row mechanism, suture configuration and lateral row tension interfere with the mechanical
force, area and pressure at by TBI. Lateral row tension increase is a major influencer in those parameters.
These results can help surgeons choose the right technique considering its mechanical effect at the TBI.
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Introduction
Tendon-bone healing failure / retear in rotator cuff
repairs ranges from 0% [18] to 94% [14]. This complication is not only patient- and injury—related [26, 32], but
also related to the surgical technique [18]. In medium
and large sized tears, stiffer constructs such as transosseous-equivalent (TOE) repairs, are considered superior to
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less stiff ones [9, 10, 18, 34, 38, 44, 47] regarding integrity,
clinical and biomechanical outcomes.
Despite those improved results, TOE repairs have also
been associated to an increased risk of type 2 retears [5,
11, 21, 50], medial to the previous repair site, and harder
to revise as the remaining tendon to reattach is shorter
and more retracted than in type 1 retears. Stress overload in the medial bearing row (MBR) (an imaginary line
that connects the most anterior and posterior sutures
passed in the medial cuff ), repair overtensioning, excessive suture medialization and increased tendon abrasion
by suture material were some of the hypothetical causes
for this phenomenon and for that reason, optimization
of TOE surgical technique was recently recommended
to reduce the risk of tendon hypoperfusion and decrease
stress concentration in medial bearing row (MBR) [5, 45].
While overmedialization [24], abrasion of the suture
material [12, 15, 23, 53] and repair overtensioning [2, 41]
have all been investigated, knowledge on stress overload
in the MBR is lacking, including from a biomechanical
point of view.
To date, only one work [29] has evaluated the mechanical effect of different medial suture passage configurations in that tendon region, and none described the
biomechanical implications at the tendon-bone interface
(TBI) and at the MBR of using locked medial row anchors
(anchors that do not allow sutures to slide in its eyelet) or
sliding medial row anchors (anchors that allow its sutures
to slide in its eyelet) in knotless TOE repairs.
This study thus aimed to compare the force applied in
the MBR and the entire TBI contact force, contact pressure, contact area and peak force if two different medial
row anchor mechanisms, two types of suture passages
and two different lateral row tension values are used.
We hypothesized that all evaluated parameters value
would increase if locked medial anchors were used and
if lateral row tension values increased, while individual suture limb passage in the medial cuff (double-hole
suture passage) would increase TBI contact area without
increasing contact force or pressure, while decreasing the
MBR contact force.

Methods
Experimental setup
Measured parameters and used materials

This was an experimental biomechanical study that evaluated total contact force, pressure and area, peak pressure and total force at the MBR using a Tekscan® 5051
pressure mapping sensor (Tekscan Inc.®, Boston, MA)
in three different type of knotless TOE repairs [39]. The
sensor has a flexible array of 46 × 46 force sensors with
a spatial resolution of 62 sensors per cm2. In order to fit
the area under the tendon model the sensor was folded
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and, following the manufacturers´ recommendation, we
did not perforate it nor with needles nor sutures. The
sensor maximum pressure was defined to 0.69 MPA, as
we considered this to be a substantial high value of pressure that can surely induce tendon ischemia considering
that this value is 39 times higher than the normal systolic
blood pressure [3]. Its calibration was performed using a
Shimadzu® calibrator (Shimadzu Corporation©, Kyoto,
Japan).
To obtain homogeneous testing samples simulating
tendon-bone interface we chose to use SAWBONES®
SKU 1521–12–2 training model (SAWBONES®, Vashon,
WA) instead of cadaveric tissue. This type of model
consists of a rigid foam that mimics the mechanical
properties of the humeral head and also includes a neoprene foam that replaces the tendon, albeit not trying
to replicate its mechanical characteristics. SAWBONES
models have been previously used by the medical and
biomechanics community to perform their training and
research activities, being considered a valid tool for comparative analysis when the biological aspects are not relevant or when they induce experimental variability (e.g.
analysis of orientation of the acetabular cup in osteotomy
techniques, anchor fixation testing and rotator cuff repair
evaluation) [13, 17, 42].
Test groups

Three different types of knotless TOE repairs were
explored in this experiment (groups), each with a different combination of type medial passage configuration
and medial row anchor mechanism. These groups were:
DP group– Double-hole passage and locked anchor
(DP);
SLDP Group – Double-hole passage and sliding
anchor (SLDP);
SP Group – Single-hole passage and locked anchor
(SP).
(see figs. 1a and b).
A fourth group (single passage with sliding anchors)
was not added because that type of construct is rarely
used in the clinical setting and for the purpose of evaluating the effect of medial row passage and type of medial
row mechanism, the previous groups sufficed.
With these 3 groups we were able to evaluate and compare the mechanical effects at the TBI of using two different types of medial row mechanisms (one that allows
suture tapes to slide in the anchors (SLDP) versus another
that does not allow anchors to slide(DP)) and suture passage (both tape limbs from each medial row anchor pass
in a single tendon hole (SP) in opposition to passing each
tape limb individually in the tendon model (DP)).
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Mock surgical technique description

Fig. 1 Representation of the medial row configuration and MBR
(green): a Single hole suture passage (SP Group); b Double hole
suture passage (DP and SLDP Groups)

To study medial row mechanism, we compared groups
1 (locked anchors—DP) and 2 (sliding anchors – SLDP)
and to compare the types of medial passage we compared
groups 1 (DP) and 3 (SP).
We did not compare all groups among themselves
because our aim was not to rank the repairs, but to compare the effect at the tendon bone interface of specific
surgical options between each other. We also did not
compare groups 2 and 3 among themselves as they differed in both variables that we were studying.
Within each group, we also evaluated the effect of lateral row tension increase, in the case by increasing lateral
row tension from 25 to 50 N.

For the medial row we used two locked 5.5 mm Footprint Ultra Pk anchors® (Smith & Nephew, London, UK),
single-loaded with Ultratape® in groups 1 and 3. In its
turn, in group 2 (SLDP), two Haelicoil® 5.5 mm anchors
(Smith & Nephew, London, UK) also single-loaded with
Ultratape® were chosen for that purpose. For the lateral
row, two 5.5 mm Footprint Ultra PK® anchors (Smith &
Nephew, London, UK) were used in all groups. A total of
four anchors was used for each isolated trial.
Five trials using new sawbones model, new anchors and
new suture limbs for each trial, were performed for each
test group (N = 5).
As previously reported [29], a flexible plastic template
was used to ensure that each anchor was placed in a consistent fashion and that all sutures had the same distance
among them in each trial. We used the same single-sized
needle for tape passage in each trial, regardless of the
medial row configuration. The sensor was placed under
the mock tendon and held with finger pressure. Both
most anterior tape limbs of each medial anchor were
pulled and placed in the anterolateral (AL) anchor with
the sutures slacked to avoid undetermined tensioning.
Sutures limbs were then individually tensioned using two
suture tensioners (EU000715 Suture Tensioner, Smith
and Nephew, London, UK®) previously calibrated using
a Shimadzu® calibrator (Shimadzu Corporation©, Kyoto,
Japan), which allow for the measurement of four different
tension values: 25, 50, 75 and 100 N.
In each of the 3 groups, the sutures in the AL anchor
were tensioned until the 25 N mark was reached. The
anchor was then locked, and the tensioners released. The
posterolateral (PL) anchor was then placed following the
same sequential steps but using the most posterior suture
limbs of each medial row anchor. Sensor finger stabilization was released when sufficient contact to the mechanical model allowed stable sensor position. After reaching
the 25 N tension mark in the PL anchor suture limbs, the
force map was acquired using the I-Scan Lite software
(Tekscan Inc.®, Boston, MA).
The lateral anchors were then unlocked, and all four
suture limbs were slacked for reuse using the exact same
mentioned methods, but this time, performing the lateral
anchor locking at 50 N of lateral tension (Fig. 2).
We chose to evaluate the results at 25 and 50 N taking
into consideration Park´s 90 N threshold [37], that if surpassed did not translate into further contact area to the
tendon bone interface. Also, in a previous work [29] the
use of 75 N of lateral tension generated TBI pressure values that largely exceeded the arterial and capillary pressure and in addition, we also experienced some anchor
pullout at 75 N during our preliminary trials, so 25 and
50 N of lateral tension seemed adequate values for the

Maia Dias et al. Journal of Experimental Orthopaedics

(2022) 9:94

Page 4 of 10

Fig. 2 Representation of the experimental setup used for measuring the contact force, area and pressure in the model and the tension in the tapes
for the SLDP configuration (please note the 50 N mark in the calibrated tensioners)

purpose of this part of the study which was to assess the
mechanical effect at the TBI of a specific and quantified
increase in lateral row tension.
To increase trial homogeneity, all assemblies and tests
were performed by the same shoulder fellowship trained
surgeon with over 10 years of surgical experience.
Data analysis

A repair box of 586 m
 m2 (27 × 21,85 mm), i.e., the region
of analysis that simulate the TBI, was equally defined
for each trial. The analysis of the contact force, area and
pressure distribution, as well as maximum peak force
for an area of sixteen (4 × 4) force cells (25.81mm2) were
performed using I-Scan Lite® software. The same software was used to analyze the contact force applied in the
MBR (defined as the most medial line of the previously
described repair box (see figs. 1a, b, 3a and b).
The single cell saturation was set for 0.69 MPa, the
maximum pressure applied during the calibration
procedure.

Statistical analysis

The type of medial row mechanism, medial suture configuration and lateral row tension values were considered
independent variables in this work. Contact force, area,
and pressure as well as peak force and MBR force were
the dependent ones.
A post hoc power analysis using G*Power software v
3.1.9.7® was performed (see table S-1 and S-2).
A Mann–Whitney test with a null hypothesis that
group results were similar was used to compare the 2
groups for medial row mechanism (comparison between
DP and SLDP) and the 2 groups for medial row passage
(DP vs SP).
The influence of the lateral tension increase within each
group was analyzed using the Wilcoxon signed rank test.
The statistical analysis was performed on IBM SPSS
Statistics v26 software (IBM, Armonk, NY). Statistical
significance was set at p < 0.05, but we highlighted tendencies for three intervals: p ≤ 0.01 (*), 0.01 < p ≤ 0.05 (**)
and 0.05 < p ≤ 0.1 (***).

Fig. 3 a Representation of the repair box (rectangle in green) and the Medial Bearing Row (arrowed green line); b Force mapping of the repair box
(green rectangle), Medial Bearing Row (arrowed green line) and suture path (yellow, purple, light blue and red lines)
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Results
Medial Row Mechanism: Locking (DP) vs. Sliding medial
row anchors (SLDP).
Figure 4a-e summarizes results for all groups regarding
the total contact force, pressure and contact area in the
repair box according to the lateral row tension imposed
in the assembly.
The use of locked anchors (DP) generated a higher
mean contact force, area and pressure, irrespective of the
applied lateral tension. However, significant differences
were only obtained for the box force (p = 0.032) and pressure (p = 0.008) when a lateral tension of 25 N was used.
Local peak pressure and MBR force were also higher
for the locked anchors for both tested tensions, with
more notorious differences at lower lateral tension values
(p < 0.10).
Single‑hole passage (SP) vs. double‑hole passage (DP)

Regardless of the lateral tension applied, DP originated
non-significant higher values of contact area.
At 25 N, DP achieved non-significant higher values for
all studied parameters. However, when a lateral tension
of 50 N was used, the SP group achieved higher values
of contact force, pressure and MBR force, reaching statistical significance (p = 0.032) in local peak force (see
Fig. 4a-e).
Consequences of the increase in lateral row tension

An increase in 100% of the lateral row tension resulted
in significant variations in the contact force for all groups
(Fig. 5), as well as contact area in the medial locked
anchor groups (SP and DP) and pressure in the doublehole passage groups (DP and SLDP).
Nevertheless, in those groups in which the difference did not reach statistical significance, a tendency to
increase was demonstrated.
MBR force also increased in all groups, but only significantly in SP and SLDP (p = 0.008).
Results also demonstrated that an increase in lateral
row tension has a more pronounced effect in contact
force and MBR force than in all other parameters, regardless of the group.
The obtained values for the biomechanical outcomes
and statistical tests can be consulted in Supplementary
Materials (Table S3-S7).

Discussion
The main findings of our work are that the type of medial
anchor mechanism and medial passage have a direct
influence on the contact force, area and pressure as well
as on peak force and MBR force at the TBI in knotless
rotator cuff repairs. Moreover, careful attention should
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be provided to the amount of lateral row tension applied
during surgery as this proved to have major impact in the
mechanical parameters evaluated, including MBR force,
regardless of the type of construct. The above-mentioned
variables are the product of surgeon’s technical choices
and technique and, in theory, can affect the rate and type
of retear that can occur [11, 35, 50].
Most biomechanical studies to date aimed to evaluate the mechanical characteristics of the materials and
rotator cuff assemblies, and their capacity to withstand
deformation and failure at time 0 [1, 4, 8, 16, 20, 30, 33].
However, only a small number of reports have analyzed
the mechanical consequences in terms of contact force,
area and pressure at the tendon bone interface using
pressure mapping sensors [30, 40, 46, 51, 52] while even
less used controlled lateral tension for that purpose,
despite its enormous relevance for the compressive effect
of sutures at the TBI if transosseous equivalent are used
[25, 37, 45].
Also, to the best of our knowledge, none compared
medial sliding anchors to medial locked anchors, which
justifies the relevance of this specific investigation.
When comparing the medial anchor mechanism (sliding vs. locked), the outcomes demonstrated that medial
anchors with locked tapes tendentially generate higher
mean contact force, area, and pressure, as well as peak
forces and MBR force irrespective of the lateral tension
applied.
These results are explained by the interaction between
different forces in knotless rotator cuff tear repairs.
According to Newton´s second law, a resultant force is
the single force acting on the object when all the other
individual forces have been combined. Literature has
detailed how friction force generates an efficiency loss in
a pulley, in such a way that in order to move an object on
one side of the pulley, the tension force on the other side
needs to be higher than the force acting on the object
itself [36].
In the SLDP group, the medial sliding row acts like a
(rigid) pulley and induces a loss of efficiency in the translation of lateral row pull force into compressive force at
the TBI, probably explaining its lower values of contact
force applied when comparing to the DP group, in which
no medial pulley system exist. In this setting, the medial
pulley friction force is removed from the net force equation, meaning all tension force and its vector of pull at the
lateral row are counteracted only by that lateral anchor
sliding mechanism and by the locked medial mechanism,
generating a higher compressive force vector at the TBI
both at lower and higher lateral tension values in this
group when compared to SLDP.
It is important to note that the force transmitted in the
SLDP pulley mechanism (T1) depends on the coefficient
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Fig. 4 Comparison of the biomechanical outcomes for the repair box between the DP and SLDP groups and between the DP and SP groups for a
value of lateral tension in the tapes of 25 N (dark gray) and 50 N (light gray): a Total contact force; b Contact area; c Contact Pressure; d Local Peak
Force; e Total force in the MBR (p ≤ 0.01 (*), 0.01 < p ≤ 0.05 (**), 0.05 < p ≤ 0.1 (***))
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Fig. 5 Variation of the biomechanical outcomes within each group for an increase of 100% (25 to 50 N) in lateral row tension (p ≤ 0.01 (*),
0.01 < p ≤ 0.05 (**), 0.05 < p ≤ 0.1 (***))

of friction (µ) and on the angle of contact in radians (β)
between the tape and the medial mechanism, and it can
be calculated using the Capstan equation (also referred as
Euler-Eytelwein equation) [49]:

T2 = T1 eµβ
in which T2 is the tension applied by pulling the tapes
[36, 48]. The purpose of this study was not to measure
this specific medial mechanism friction force, nor could
we do it with the available data, but our outcomes demonstrate its effect by showing the difference between DP
and SLDP, and the previous explanation suffices.
Data regarding MBR contact force is also relevant as
the SLDP group generated a non-significant lower force
in that region when compared to DP, which can also
probably be explained by the friction force effect on the
medial sliding mechanism previously discussed. This
can be clinically relevant because the MBR is the most
stressed area of the repair [29] due to a high localized fixation strength [45], and stress reduction in this area can
eventually help reduce the rates of type 2 retears [5, 45].
Regarding suture passage configuration, if larger lateral row tension values are used, a tendency for DP to
confirm our initial hypothesis occurs, in which doublehole passage configurations increase the contact area
without increasing the maximum force applied in the
TBI when comparing to SP. This issue is of relevance
as it can generate a lower contact pressure, which can

have advantageous implications on the biological process of healing [45]. These results are aligned with our
previous report [29], which demonstrated that in knotless TOE repairs with medial row sliding anchors, passing sutures individually (DP) significantly increases the
contact area when compared to combined passage of
suture limbs in a single pilot hole (SP).
Curiously, when compared to DP, the SP group generated higher MBR force at higher lateral tension values.
This means that if higher lateral row tension is used,
more force is applied per suture passage site at the
MBR implying that contact force in those locations is
clearly higher in the SP that in the DP group, generating uneven stress distribution that probably jeopardizes this important tendon area [5] and hypothetically
increases the risk for type 2 retears [45].
Also as previously reported [29], results also demonstrated that at higher lateral tension values, single-hole
passage in the medial cuff significantly increases peak
force, which may provide higher focal stability but also
hamper biological healing in that specific location [22],
usually quite close or at the MBR [29]. Of specific interest, looking at McCarron et al. [31] description of failure in continuity in which regardless of tendon healing,
some tissue retraction always occurs, excessive contact
force at the MBR or near it prevents this phenomenon
and can, hypothetically, increase the risk of type 2
retears.
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Like Park et al.[37], Kummer [25] and Andre et al.[2],
we also demonstrated that lateral row tension is one of
the most important variables to be considered when
performing any type of biomechanical evaluation at the
TBI because it clearly impacts contact force, area and
pressure, as well as MBR force, in all studied groups.
Despite having significant differences between 25 and
50 N lateral tension, DP group was the most compliant
one meaning that the increase in lateral tension translated into an increase of all studied variables but in a
less pronounced manner than both SP and SLDP. In
fact, the latter demonstrated the highest susceptibility
to lateral row tension increase in all parameters except
for area, in which SP superseded.
Our study has some strengths that should be highlighted. First, by avoiding the use of biological specimens, we obtained a more reproducible evaluation of
the mechanical data, and reduced experimental variability, like reported by other authors [13, 17, 29, 43].
Second, the use of a template and a single sized needle
for suture passage increased the homogeneity of anchor
placement, suture passage location, and mock tendon
damage. Third, by using an undamaged high-resolution
sensor we were able to evaluate contact force, area and
pressure with a more accurate method if compared to
other published reports [9, 30, 40, 43, 46]. Fourth, we
used a constant repair box, avoiding measurement of
force in “no contact” regions of the sensor, which could
approximate the pressure measurements by lowering
the mean contact force. Fifth, to the best of our knowledge, this is the first report that evaluates the mechanical consequences at the TBI of using locked or sliding
mechanisms in the medial row anchors and one of the
very few specifically addressing the force applied in the
MBR, and lastly, lateral row tensioning was measured
and performed individually, which is the only way to
accurately control lateral tension as using only one tensiometer to control tension in multiple sutures, if they
have different initial tensions, which they usually do,
the measured lateral tension corresponds only to the
tauter suture limb.
The current study also presents some limitations. First,
despite the post hoc statistical power analysis demonstrated that our sample was adequate for the evaluation
of the effect of lateral row tension and for part of the
dependent variable evaluation in the medial mechanism
comparison (see supplemental tables 1 and 2), a small
sample size is one of the drawbacks of this paper, as of
most biomechanical reports [6, 7, 19, 27, 43]. The cost
per trial, mainly driven by implant cost, was the major
limiting factor for the sample number in this study and
makes statistical power unobtainable for some comparisons that require over 400 trials.
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Second, even though a single surgeon placed all the
anchors and utilized a template so that their location would be reproducibly replicated, the angle and
depth of placement of the medial anchors was not
controlled. Considering that a constant lateral tension
was applied, by changing both the angle at which the
anchor enters the bone and its depth, the compressive
force at the TBI, especially in the MBR, can change
because the resultant compressive force depends on the
angle between the pull force and the vertical axis of the
anchor.
Also, as mentioned, friction force also interferes with
the final compressive force and if the anchor is placed
deeper, the tape can have a higher contact area with the
bone and lower the resultant force.
Lastly, our mechanical model does not mimic tendon
mechanical properties, but these are also quite variable between individuals and can even vary within the
person according to its age, medical condition, medication anatomical location and use [28]. In fact, despite
removing the biological variables, our model also precludes the immediate clinical setting translation of our
results for that same reason.

Conclusion
Knotless rotator cuff repairs generate a TBI contact
force, area and pressure that is highly dependent on
the lateral tension applied in the lateral anchors. Peak
force and MBR force also increase if lateral row tension
increases, especially in constructs that use medial sliding mechanism anchors. Despite that, when compared
to locked configurations, these tend to generate lower
values of all studied parameters. The adoption of singleor double-hole suture passages in the medial row also
has mechanical consequences at the TBI as double-hole
passage configurations consistently generate nonsignificant higher contact area, while reducing, force, pressure, peak force and MBR force if higher lateral row
tension values are applied.
Despite the ideal biomechanical setting at the TBI
is still to be established, our work can help surgeons
decide which is the most adequate technique, when facing different patients or types of tears, although it is,
unfortunately, insufficient to provide a critical analysis of the clinical consequences of these choices and to
define the ideal compressive force at the medial bearing
row to prevent type 2 retears.
Abbreviations
AL: Anterolateral; MBR: Medial bearing Row; PL: Posterolateral; TBI: Tendon
Bone Interface; TOE: Transosseous equivalent.
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Additional file 1: Table S1. Statistical power analysis performed using
G power software for comparisons of the dependent variables between
groups. Considered acceptable statistical power if power > 0,75; Alpha
error probability = 0,05.

Additional file 2: Supplementary table S2. Statistical power analysis
performed using G power software for comparisons of tension variation
within groups.
Additional file 3: Supplementary Table S3. Mean Comparison between
locked medial anchor (DP) and sliding medial anchors (SLDP) regarding
contact force, area and pressure, peak force and MBR force in the repair
box (25N lateral tension) - * reached statistical significance. Supplemen‑
tary Table S4. Mean comparison between locked medial anchor (DP) and
sliding medial anchors (SLDP) regarding contact force, area and pressure,
peak force and MBR force in the repair box (50N lateral tension) - * reached
statistical significance. Supplementary Table S5. Mean comparison
between tape double-hole passage (DP) and single-hole passage (SP)
regarding contact force, area and pressure, peak force and MBR force in
the repair box (25N lateral tension) - * reached statistical significance.
Supplementary Table S6. Mean comparison between tape double–hole
passage (DP) and single-hole passage (SP) regarding contact force, area
and pressure, peak force and MBR force in the repair box (50N lateral tension) - * reached statistical significance. Supplementary Table S7. Variation within each group if lateral row tension increases 100% - * reached
statistical significance.
Acknowledgements
These works were supported by FCT, through IDMEC, via LAETA, Project
number UIDB/50022/2020.
Authors’ contributions
All authors contributed to the study conception and design. Material preparation,
data collection and analysis were performed by Carlos Maia Dias, Sérgio Gonçalves,
Clara de Campos Azevedo and António Completo. The first draft of the manuscript was written by Carlos Maia Dias, Sérgio Gonçalves and Jorge Mineiro. The
manuscript was sequentially reviewed by Clara de Campos Azevedo, Manuel Ribeiro
da Silva, Jorge Mineiro, João Folgado and Frederico Ferreira. All authors read and
approved the final manuscript.
Funding
Not applicable.
Availability of data and materials
See supplementary material. All remaining data will be provided upon request
to the corresponding author.

Declarations
Ethics approval and consent to participate
Not applicable.
Competing interests
None of the authors have relevant financial or non-financial interests to disclose nor other conflicts of interest to declare that are relevant to the content
of this article.
All authors certify that they have no affiliations with or involvement in any
organization or entity with any financial interest or non-financial interest in the
subject matter or materials discussed in this manuscript.
The authors have no financial or proprietary interests in any material discussed
in this article.
Author details
1
Department of Bioengineering, and iBB ‑ Institute for Bioengineering and
Biosciences, Instituto Superior Técnico, Universidade de Lisboa, Lisbon,

Page 9 of 10

Portugal. 2 Hospital CUF Tejo, Shoulder and Elbow Unit, Lisbon, Portugal.
3
IDMEC, Instituto Superior Técnico, Universidade de Lisboa, Lisbon, Portugal.
4
TEMA, Department of Mechanical Engineering, University of Aveiro (UA),
Aveiro, Portugal. 5Hospital CUF Porto, Porto, Portugal. 6Life and Health Sciences
Research Institute (ICVS), School of Medicine, University of Minho, Campus
de Gualtar, Braga, Portugal. 7ICVS/3B’s - PT Government Associate Laboratory,
Braga/Guimarães, Portugal. 8Hospital CUF Tejo, Elbow and Shoulder Unit, Lisbon,
PT, Portugal. 9Hospital Dos SAMS de Lisboa, Lisbon, Portugal. 10Hospital CUF
Descobertas, Lisbon, Portugal.
Received: 1 July 2022 Accepted: 6 September 2022

References
1. Anderl W, Heuberer PR, Laky B, Kriegleder B, Reihsner R, Eberhardsteiner
J (2012) Superiority of bridging techniques with medial fixation on initial
strength. Knee Surg Sport Traumatol Arthrosc 20:2559–2566
2. Andres BM, Lam PH, Murrell GAC (2010) Tension, abduction, and surgical
technique affect footprint compression after rotator cuff repair in an
ovine model. J Shoulder Elb Surg Elsevier Ltd 19:1018–1027
3. Bangalore S, Toklu B, Gianos E, Schwartzbard A, Weintraub H, Ogedegbe
G, Messerli FH (2017) Optimal Systolic Blood Pressure Target After SPRINT:
Insights from a Network Meta-Analysis of Randomized Trials. Am J Med
130:707-719.e8
4. Barber FA, Drew OR (2012) A biomechanical comparison of tendon-bone
interface motion and cyclic loading between single-row, triple-loaded
cuff repairs and double-row, suture-tape cuff repairs using biocomposite
anchors. Arthroscopy 28(9):1197–1205
5. Bedeir YH, Schumaier AP, Abu-Sheasha G, Grawe BM (2019) Type 2 retear
after arthroscopic single-row, double-row and suture bridge rotator cuff
repair: a systematic review. Eur J Orthop Surg Traumatol 29:373–382
6. Bisson LJ, Manohar LM (2010) A biomechanical comparison of the pullout
strength of No. 2 fiber-wire suture and 2-mm fiberwire tape in bovine
rotator cuff tendons. Arthroscopy 26(11):1463–8
7. Bisson LJ, Manohar LM, Wilkins RD, Gurske-Deperio J, Ehrensberger MT
(2008) Influence of suture material on the biomechanical behavior of
suture-tendon specimens: a controlled study in bovine rotator cuff. Am J
Sports Med 36:907–912
8. Burkhart SS, Denard PJ, Konicek J, Hanypsiak BT (2014) Biomechanical validation of load-sharing rip-stop fixation for the repair of tissue-deficient
rotator cuff tears. Am J Sports Med 42:457–462
9. Burkhart SS, Denard PJ, Obopilwe E, Mazzocca AD (2012) Optimizing
pressurized contact area in rotator cuff repair: the diamondback repair.
Arthroscopy 28(2):188–195
10. Charousset C, Grimberg J, Duranthon LD, Bellaiche L, Petrover D (2007)
Can a double-row anchorage technique improve tendon healing
in arthroscopic rotator cuff repair? A prospective, nonrandomized,
comparative study of double-row and single-row anchorage techniques
with computed tomographic arthrography tendon healing assess. Am J
Sports Med 35:1247–1253
11. Cho NS, Yi JW, Lee BG, Rhee YG (2010) Retear patterns after arthroscopic
rotator cuff repair. Am J Sports Med 38:664–671
12. Deranlot J, Maurel N, Diop A, Pratlong N, Roche L, Tiemtore R, Nourissat G (2014) Abrasive properties of braided polyblend sutures in cuff
tendon repair: an in vitro biomechanical study exploring regular and tape
sutures. Arthroscopy 30(12):1569–1573
13. Er MS, Altinel L, Eroglu M, Verim O, Demir T, Atmaca H (2014) Suture
anchor fixation strength with or without augmentation in osteopenic
and severely osteoporotic bones in rotator cuff repair: a biomechanical
study on polyurethane foam model. J Orthop Surg Res 9:1–7
14. Galatz LM, Ball CM, Teefey SA, Middleton WD, Yamaguchi K (2004) The
outcome and repair integrity of completely arthroscopically repaired
large and massive rotator cuff tears. J Bone Jt Surg 86:219–224
15. Gnandt RJ, Smith JL, Nguyen-Ta K, McDonald L, Leclere LE (2016) Hightensile strength tape versus high-tensile strength suture: a biomechanical
study. Arthroscopy 32(2):356–363
16. Gülecyüz M, Bortolotti H, Pietschmann M, Ficklscherer A, Niethammer
T, Roßbach B, Müller P (2016) Primary stability of rotator cuff repair: can
more suture materials yield more strength? Int Orthop 40:989–997

Maia Dias et al. Journal of Experimental Orthopaedics

(2022) 9:94

17. Hausmann J-T (2006) Sawbones in biomechanical settings - a review.
Osteosynthesis Trauma Care 14:259–264
18. Hein J, Reilly JM, Chae J, Maerz T, Anderson K (2015) Retear rates after
arthroscopic single-row, double-row, and suture bridge rotator cuff
repair at a minimum of 1 year of imaging follow-up: a systematic review.
Arthroscopy 31(11):2274–2281
19. Hinse S, Ménard J, Rouleau DM, Canet F, Beauchamp M (2016) Biomechanical study comparing 3 fixation methods for rotator cuff massive
tear: Transosseous No. 2 suture, transosseous braided tape, and doublerow. J Orthop Sci 21:732–738
20. Jost PW, Khair MM, Chen DX, Wright TM, Kelly AM, Rodeo SA (2012)
Suture number determines strength of rotator cuff repair. J Bone Joint
Surg Am 94(14):e100
21. Kim KC, Shin HD, Cha SM, Park JY (2014) Comparisons of retear patterns for 3 arthroscopic rotator cuff repair methods. Am J Sports Med
42:558–565
22. Kim SH, Cho WS, Joung HY, Choi YE, Jung M (2017) Perfusion of the
rotator cuff tendon according to the repair configuration using an indocyanine green fluorescence arthroscope. Am J Sports Med 45:659–665
23. Kowalsky MS, Dellenbaugh SG, Erlichman DB, Gardner TR, Levine WN,
Ahmad CS (2008) Evaluation of suture abrasion against rotator cuff
tendon and proximal humerus bone. Arthroscopy 24(3):329–334
24. Kullar RS, Reagan JM, Kolz CW, Burks RT, Henninger HB (2015) Suture
placement near the musculotendinous junction in the supraspinatus:
implications for rotator cuff repair. Am J Sports Med 43:57–62
25. Kummer FJ (2012) Effects of suture tension on the footprint of rotator cuff
repairs: technical note. Bull NYU Hosp Jt Dis 70(4):259–261
26. Lee YS, Jeong JY, Park C (2014) Evaluation of the risk factors for a rotator
cuff retear after repair surgery. Am J Sports Med 45(8):1755–1761
27. Liu RW, Lam PH, Shepherd HM, Murrell GAC (2017) Tape versus suture in
arthroscopic rotator cuff repair: Biomechanical analysis and assessment
of failure rates at 6 months. Orthop J Sport Med 5(4):2325967117701212
28. Maganaris CN, Narici MV (2005) Mechanical Properties of Tendons. In:
Maffulli N, Renström P, Leadbetter WB (eds) Tendon Injuries. Springer,
London
29. Maia Dias C, Gonçalves SB, Completo A, Tognini M, da Silva MR, Mineiro
J, Curate F, Ferreira F, Folgado J (2021) Why are tapes better than wires in
knotless rotator cuff repairs? An evaluation of force, pressure and contact
area in a tendon bone unit mechanical model. J Exp Orthop 8(1):9
30. Mazzocca AD, Bollier MJ, Obopilwe E, DeAngelis JP, Burkhart SS, Warren
RF, Arciero RA (2010) Biomechanical evaluation of arthroscopic rotator
cuff repairs over time. Arthroscopy 26(5):592–599
31. McCarron JA, Derwin KA, Bey MJ, Polster JM, Schils JP, Ricchetti ET, Iannotti JP (2013) Failure with continuity in rotator cuff repair “healing.” Am J
Sports Med 41:134–141
32. McElvany MD, McGoldrick E, Gee AO, Neradilek MB, Matsen FA (2015)
Rotator cuff repair: published evidence on factors associated with repair
integrity and clinical outcome. Am J Sports Med 43:491–500
33. Ménard J, Léger-St-Jean B, Balg F, Petit Y, Beauchamp M, Rouleau DM
(2017) Suture bridge transosseous equivalent repair is stronger than
transosseous tied braided-tape. J Orthop Sci 22:1120–1125
34. Millett PJ, Warth RJ, Dornan GJ, Lee JT, Spiegl UJ (2014) Clinical and structural outcomes after arthroscopic single-row versus double-row rotator
cuff repair: a systematic review and meta-analysis of level I randomized
clinical trials. J Shoulder Elbow Surg 23(4):586–597
35. Neyton L, Godenèche A, Nové-Josserand L, Carrillon Y, Cléchet J, Hardy
MB (2013) Arthroscopic suture-bridge repair for small to medium
size supraspinatus tear: healing rate and retear pattern. Arthroscopy
29(1):10–17
36. de Oliveira TR, Lemos NA (2018) Force and torque of a string on a pulley.
Am J Phys 86:275–279
37. Park JS, McGarry MH, Campbell ST, Seo HJ, Lee YS, Kim SH, Lee TQ, Oh JH
(2015) The optimum tension for bridging sutures in transosseous-equivalent rotator cuff repair: a cadaveric biomechanical study. Am J Sports
Med 43:2118–2125
38. Park MC, Cadet ER, Levine WN, Bigliani LU, Ahmad CS (2005) Tendonto-bone pressure distributions at a repaired rotator cuff footprint using
transosseous suture and suture anchor fixation techniques. Am J Sports
Med 33:1154–1159
39. Park MC, ElAttrache NS, Ahmad CS, Tibone JE (2006) “Transosseous-Equivalent” Rotator Cuff Repair Technique. Arthroscopy 22(12):1360.e1–5

Page 10 of 10

40. Park MC, Peterson AB, McGarry MH, Park CJ, Lee TQ (2017) Knotless
Transosseous-Equivalent Rotator Cuff Repair Improves Biomechanical
Self-reinforcement Without Diminishing Footprint Contact Compared
With Medial Knotted Repair. Arthroscopy 33(8):1473–1481
41. Park SG, Shim BJ, Seok HG (2019) How much will high tension adversely
affect rotator cuff repair integrity? Arthroscopy 35(11):2992–3000
42. Robinson S, Krigbaum H, Kramer J, Purviance C, Parrish R, Donahue J
(2018) Double row equivalent for rotator cuff repair: A biomechanical
analysis of a new technique. J Orthop Elsevier 15:426–431
43. Robinson S, Krigbaum H, Kramer J, Purviance C, Parrish R, Donahue J
(2018) Double row equivalent for rotator cuff repair: A biomechanical
analysis of a new technique. J Orthop 15(2):426–431
44. Shen C, Tang ZH, Hu JZ, Zou GY, Xiao RC (2014) Incidence of retear
with double-row versus single-row rotator cuff repair. Orthopedics
37:e1006–e1013
45. Shi BY, Diaz M, Binkley M, McFarland EG, Srikumaran U (2019) Biomechanical strength of rotator cuff repairs: a systematic review and metaregression analysis of cadaveric studies. Am J Sports Med 47:1984–1993
46. Simmer Filho J, Voss A, Pauzenberger L, Dwyer CR, Obopilwe E, Cote MP,
Mazzocca AD, Dyrna F (2019) Footprint coverage comparison between
knotted and knotless techniques in a single-row rotator cuff repair:
Biomechanical analysis. BMC Musculoskelet Disord 20:1–8
47. Smith GCS, Bouwmeester TM, Lam PH (2017) Knotless double-row
SutureBridge rotator cuff repairs have improved self-reinforcement
compared with double-row SutureBridge repairs with tied medial knots:
a biomechanical study using an ovine model. J Shoulder Elb Surg Elsevier
Inc 26:2206–2212
48. Stephans G (2005) Classical Mechanics: MIT 8.01 Course Notes
49. Stuart IM (1961) Capstan equation for strings with rigidity. Br J Appl Phys
12:559–562
50. Trantalis JN, Boorman RS, Pletsch K, Lo IKY (2008) Medial rotator cuff
failure after arthroscopic double-row rotator cuff repair. Arthroscopy
24(6):727–731
51. Tuoheti Y, Itoi E, Yamamoto N, Seki N, Abe H, Minagawa H, Okada K,
Shimada Y (2005) Contact area, contact pressure, and pressure patterns
of the tendon-bone interface after rotator cuff repair. Am J Sports Med
33:1869–1874
52. Urch E, Lin CC, Itami Y, Patel NA, McGarry MH, Limpisvasti O, Lee TQ
(2020) Improved rotator cuff footprint contact characteristics with an
augmented repair construct using lateral edge fixation. Am J Sports Med
48:444–449
53. Williams JF, Patel SS, Baker DK, Schwertz JM, McGwin G, Ponce BA (2016)
Abrasiveness of high-strength sutures used in rotator cuff surgery: are
they all the same? J Shoulder Elb Surg Elsevier Ltd 25:142–148

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

