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KEY POINTS

� To understand the normal biomechanical forces extending through lower extremity soft
tissue structures during physiologic function.

� To understand the biomechanical evaluation of repair techniques with mechanical testing.

� To recognize common limitations in the mechanical testing literature.

� To appreciate the difference between statistically significant and clinically significant dif-
ferences in the biomechanical testing literature.
INTRODUCTION

History has demonstrated that, on balance, Sir Isaac Newton was full of it. An isolated
eccentric who spent much of his time considering alchemy, the occult and doomsday
prophecies, his initially groundbreaking discourses about “gravity” as an invisible and
intangible force have long been demonstrated inaccurate by Albert Einstein and future
generations of physicists.1–8 Despite this, it is difficult to critically analyze the medical
literature with respect to the biomechanical properties of lower extremity soft tissue
repair without first understanding the unit of force for which he serves as an eponym:

� A “Newton (N)” is defined as the force required to accelerate 1 kg mass at a rate
of 1 m/s2, and

� A “Newton meter (Nm)” is a measurement of torque resulting from 1 N force
applied to a 1-m moment arm.
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Although these serve as among the most frequently cited outcome measures in me-
chanical testing investigations, they are neither easily conceptualized nor readily appli-
cable in terms of clinical evaluation.
With that said, however, any foot and ankle surgeon is able to develop a better un-

derstanding of these units without having to dive too deeply into the principles of phys-
ics. In fact, it is not much more complicated than the more familiar formula:
pressure 5 force/area. Put simply, higher forces and smaller areas lead to increased
pressure. The Newton unit of force is somewhat more complex in that it involves the
extra dimensions of speed and distance, but the general concept is the same. Higher
weights, faster speeds, and greater distances of structure contraction/extension all
lead to higher force when considering the Newton. The inherent value of the unit is
that it is a more dynamic and responsive measure of force, and of course the foot
and ankle is a very dynamic functional anatomic area with varying forces exerted
through numerous anatomic structures and in a variety of clinical situations.
The objective of this review is to provide a practical critical assessment of the liter-

ature with respect to soft tissue repair techniques in the foot and ankle. We will first
review the typical forces expected through anatomic structures during their normal
function, and then use this as a guide to evaluate reconstruction techniques and pro-
tocols. We hope that this will also further allow critical readers to interpret the distinc-
tion between statistically significant and clinically significant differences in the
literature. For example, statistically significant differences that would not be expected
to affect medical decision-making might be argued to be of little clinical value. The
specific anatomic structures of the Achilles tendon, anterior tibiofibular ligament,
plantar metatarsophalangeal ligament (plantar plate or plantar pad), and calcaneona-
vicular ligament (spring ligament) will be reviewed.
ACHILLES TENDON

The Achilles tendon almost certainly represents the lion’s share of the published liter-
ature with respect to the mechanical testing analysis of lower extremity soft tissue
reconstruction, and we have hopefully progressed far beyond Hippocrates’ descrip-
tion of “this tendon, if bruised or cut, causes the most acute fevers, induces choking,
deranges the mind and at length brings death”.9 Generally considered the strongest
and thickest tendon in the body, the length ranges between 11 and 26 cm with a width
of 4.5 to 8.6 cm.9,10 It is comprised primarily of type 1 collagen; however, type 3
collagen is more commonly found following rupture or injury.9 Along the tendon’s
length, the fibers spiral up to 90�. This might contribute to increased strength,
decreased buckling, and less deformation.9,11 The longitudinally oriented fibers also
allow for significant weight-bearing and physiologic stress.
The calcaneal insertion site of the tendon represents a relatively small footprint, only

about 10% of the tendon itself, but its microstructural arrangement and properties
allow for maximum attachment, an increased moment arm with smooth function,
and dispersion of about 2 KN of force.12 This capability is in large part due to the
off-axis orientation of the fibers and a mineral concentration of up to 50%. The
collagen fibers disperse stress locally, and mineralization increases stiffness to the
area, which provides coordinated protection to the insertion and transfers stress to
the tendon proper.12

A fair amount is known about the physiologic stresses that occur through this
tendon during normal function. Forces of approximately 3 KN have been reported dur-
ing maximal isometric contractions, 2.6 KN during slow walking, 1 KN during cycling,
and as high as 9 KN while running. This equates to approximately 12.5 times body
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Evaluation of Foot and Ankle Soft Tissue Repair 523
weight or 11 KN/cm2 when considering the cross-sectional area of the tendon.9,10,13,14

Repetitive hopping can produce peak loads of 3.8 KN, unilateral hopping up to 5 KN,
and squat jumping to 2.2 KN.9,10,13 Ultrasonographic studies have demonstrated that
maximal tendon forces range between 200 and 3800N, elongation values from 2 to
24 mm, Young modulus between 0.3 and 1.4 GPa, and stiffness of 17 to 760 N/mm.10

From a biomechanical perspective, the gastroc-soleus complex and Achilles
tendon serve many purposes.11 During the contact period of the gait cycle, it works
to decelerate internal tibial rotation, and similarly during midstance, it decelerates
anterior tibial advancement. It further acts to plantarflex the ankle joint to initiate
heel off. Weakness or tightness of the complex might result in imbalances or gait cycle
abnormalities, which in turn can lead to numerous ankle and foot pathologic condi-
tions.11 It is of course also one of the most prone tendons to rupture, largely in part
due to the forces it is subject to and the relative paucity of blood supply to what
has traditionally been referred to as the watershed region.11 The incidence of Achilles
tendon rupture has been reported across the literature as approximately 9.9 to 40 per
100,000 annually.10,15 Tendons can typically stretch up to 4% before sustaining dam-
age, but past this 4% threshold the collagen cross-links are disrupted and beyond 8%
macroscopic rupture occurs.9–11

Backer and colleagues performed a review on 100 articles pertaining to Achilles
tendon rupture and evaluated strength measurements following rupture healing.15

Significant variability was noted with measurement style, patient positioning, angular
velocity, repetitive measurements, and the use of warm-up sessions before obtaining
outcomes. Results also varied across studies in terms of the reported unit of force
versus direct percent comparisons to the unaffected limb. The authors concluded
there is a lack of consensus on the optimal means of assessing strength following
rupture. This is obviously important to consider as one views and interprets the pub-
lished literature.
Sadoghi and colleagues performed a systematic review generally representative of

the broader literature pertaining to initial strength analyses following end-to-end Achil-
les tendon repairs.16 Eleven studies were incorporated into the analysis, and several
different repair techniques were assessed including the familiar Krackow, Kessler,
Bunnell, Ma-Griffith, triple bundle, and giftbox suture repairs among others. Reported
tensile strengths ranged from 81 to 453 N with a mean of 222.7 N. The triple bundle
technique had the highest tensile strength at 453 N, followed by the Bunnell
(217.2 N), Krackow (172.7 N), giftbox (168 N), Kessler (167.7 N), and Ma-Griffith
(149.5 N). Importantly, despite these apparent differences, the authors concluded
that the variability in study design, sample size, and measurement techniques
rendered a formal conclusion on construct superiority unfeasible.
With that said, this study provides a good example of a discussion of the difference

between a statistically significant and clinically significant result. Although a statisti-
cally significant difference might easily be demonstrated between the triple bundle
and Ma-Griffith techniques (453 N vs 149.5 N), for example, both groups would be ex-
pected to fail if the patient engaged in unprotected walking in the immediate postop-
erative period.9,10,13,14 It is therefore reasonable to question if this statistically
significant difference has any clinical significance if it does not affect postoperative
medical decision-making.14 All the described techniques would be expected to
require immediate postoperative protected immobilization. A clinically significant dif-
ference, however, might be argued to be one that would allow for a faster functional
recovery or change in prescribed postoperative rehabilitation protocols.
Several investigations have been published examining and comparing different end-

to-end tendon repair techniques, but it seems fair to conclude that most constructs
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produce results with failure occurring in the ballpark of several hundred Newtons.17–25

Even with graft augmentation, the highest observed mean load to failure we observed
was 821 N.20 Certainly, some techniques are likely to be “stronger” than the others,
but the literature shows a theme of our ability to perform an end-to-end repair that
is likely able to withstand forces that occur with nonweight-bearing range of motion,
but that are likely to fail with unprotected weight-bearing mobilization.9,10,13,14 Similar
results are also observed when one considers tendon-to-bone repair and reattach-
ment techniques.14,26–35
ANTERIOR TALOFIBULAR LIGAMENT

Injury to the lateral ankle ligaments also represents a commonly encountered patho-
logic condition and target for surgical repair. This most frequently occurs in inverted
and plantarflexed positions with damage to the anterior talofibular ligament (ATFL)
alone or in combination with the calcaneofibular ligament.36

Several investigations have provided insight into the normal expected forces
through the ATFL. St. Pierre and colleagues found a mean tensile strength at failure
of 206 N (range 58–556 N) with an equal distribution of the failure, occurring within
the midsubstance of the ligament and at the talar insertion.37 Viens and colleagues
found an ultimate load to failure at 154 � 63.7 N with a stiffness of 14.5 � 4.4 N/
mm in intact ATFL specimens.38 Similarly, Waldrop and colleagues noted an ultimate
failure load of 160.9� 72.2 N and a stiffness of 12.4� 4.1 N/mm in intact specimens.39

Moreover, Tohyama and colleagues reported that 30 N of force should be applied dur-
ing the anterior drawer testing to achieve a sufficient examination; otherwise, the
amount of displacement required for the diagnosis of ankle instability might not
occur.40–42 These highlight another relative limitation of the mechanical testing litera-
ture in that protocols are only available with cadaveric methodology. In vivo measure-
ment and testing to failure are not possible.
When considering the biomechanical strength of differing fixation options for the

ATFL, it is important to consider anatomic versus nonanatomic restoration, with or
without supplemental augmentation.43 A cadaveric study performed by Shoji and col-
leagues evaluated cadaveric specimens in terms of intact ATFL, injured ATFL,
anatomic repair of the ATFL, and nonanatomic ATFL repair, for example.44 The overall
kinematic laxity of the anatomic repair was not statistically different from an intact
ATFL, and in fact internal rotation laxity was significantly increased in the nonanatomic
repair at 30� and 15� of plantarflexion versus an intact ATFL. This might point toward
relative advantages of augmentation in addition to primary repair.
Viens and colleagues evaluated intact ATFLs relative to repair with either suture tape

augmentation alone or Brostrom with suture tape augmentation.38 Those with suture
tape augmentation alone saw an ultimate load to failure of 315.5� 66.8 N and stiffness
of 31.4� 9.9 N/mm compared with 250.8� 122.7 N and 21.1� 9.1 N/mm in the Bros-
trom plus augmentation group and 154 � 63.7 N with stiffness of 14.5 � 4.4 N/mm in
the intact specimens. These results might indicate that, different than the Achilles
tendon, surgical techniques for the ATFL might have the ability to achieve supraphy-
siologic loads to failure. Conversely, however, Waldrop and colleagues compared the
traditional Brostrom and suture anchor repair techniques.39 They noted an ultimate
failure load of 160.9 � 72.2 N and a stiffness of 12.4 � 4.1 N/mm in the intact speci-
mens but substantially less following the Brostrum (68.2� 27.8 N ultimate failure load;
6� 2.5 N/mm stiffness), suture anchor in the fibula (79.2� 34.3 N ultimate failure load;
6.8� 2.7 N/mm stiffness), and suture anchor in the talus (75.3� 45.6 N ultimate failure
load; 6.6�4 N/mm).
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Other investigations into the use of suture anchors have found more encouraging
results. Cottom and colleagues evaluated 3 different arthroscopic techniques for
lateral ankle repair with suture anchors.45 The studied groups consisted of a single-
row 2-suture anchor construct, double-row 4-anchor knotless construct, and
double-row 3-anchor construct. Load to failure was observed at a mean of
156.43 � 30.39 N, 206.62 � 55.62 N, and 246.82 � 82.37 N, with a statistically signif-
icant difference observed between the 2-anchor and 3-anchor constructs. These all
seem to be more comparable to the load to failure findings of intact ATFLs.37–39 Stiff-
ness in the Cottom and colleagues investigation was measured at a mean of
12.10 � 5.43 N/m, 13.40 � 7.98 N/m, and 12.55 � 4.0 N/m, respectively.45

These and other results are interesting from a critical analysis standpoint and likely
carry clinical significance.46–49 Because the strength of repairs with augmented tech-
niques seems to reach physiologic or even supraphysiologic values, it might imply the
ability to accelerate postoperative rehabilitation and weight-bearing protocols in some
situations.
PLANTAR PLATE

The plantar metatarsophalangeal ligament (plantar plate or plantar pad) is a cup-
shaped, intra-articular covering of the inferior aspect of the metatarsophalangeal joint
(MPJ).50,51 It is continuous with the joint capsule both medially and laterally effectively
creating a fibrocartilaginous socket for the metatarsal head.50 The primary composi-
tion is type 1 collagen with fibers oriented both longitudinally and interwoven, creating
a strong structure to resist compressive and tensile loads.50 Pauwel theory of “causal
histogenesis” describes this collagen fibril orientation with the direction of the greatest
tension able to withstand most tensile forces and support the windlass mechanism.52

The plantar plate plays a significant role with respect to inherent MPJ stability.53–55

Pathologic condition in this anatomic area nearly always involves excessive dorsal
translation of the proximal phalanx. Although it is easy to conceptualize the digit as
actively rotating in a relatively dorsal direction on the metatarsal head, in fact during
stance and propulsion the digit is firmly and statically in contact with the weight-
bearing surface while the metatarsal head is the structure that effectively “moves.”
It is admittedly challenging to recreate this functional movement with cadaveric me-
chanical testing protocols, as well as investigate an accurate physiologic construct
considering the dynamic stabilization provided by the extrinsic tendons.
Bhatia and colleagues used cadaveric models to determine the anatomic restraints

that counteract second MPJ dislocation.56 About 37 � 5.7 N of force was required to
dislocate the MPJ with an intact capsule and plantar plate, whereas a mean force of
26 � 5.32 N (range 22–34 N) was required to dislocate the second toe following divi-
sion of the plantar plate and 20 � 3.5 N (range 15–23 N) following sectioning of both
the medial and lateral collateral ligaments. Division of both the plantar plate and col-
laterals resulted in dislocation after only 8 � 4.74 N (range 5–10 N). Suero and col-
leagues measured and compared dorsal displacement of the proximal phalanx in
isolation as well as in combination of sectioning the plantar plate and surrounding
structures. The mean dorsal displacement of an intact MPJ was approximately
10.6 mm, but when both the plantar plate and the collateral ligaments were sectioned,
there was a 63% increase in dorsal displacement.57

Indirect repair approaches not specifically addressing the anatomy might lead to
inadequate results.50,58,59 Highlander and colleagues reported that the Weil osteot-
omy without plantar plate repair had a 36% complication rate of floating toe deformity
with a 15% recurrence rate.60 This might indirectly point toward the need to address
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the plantar plate tear or disruption directly. Chalayon and colleagues compared intact
sagittal plane stability of the lesser MPJ in terms of superior subluxation, dorsiflexion,
and plantarflexion.61 Overall, the mean stability of the lesser MPJs in terms of superior
subluxation was 3.03 � 0.93 N/mm, dorsiflexion was 2.07 � 0.38 N/mm, and plantar-
flexion was 0.42 � 0.06 N/mm. Disruption of the plantar plate significantly decreased
stability by an average 23%.
Specific literature and materials testing plantar plate repair constructs are relatively

limited. Finney and colleagues sought to assess 3 different suture configurations that
might be used for plantar plate repairs (horizontal mattress, luggage-tag, and Mason-
Allen suture techniques).62 Specimens underwent cyclic loading followed by load to
failure. No differences were observed in number of cycles leading to 2 mm of displace-
ment (mattress: 19.2 � 1.5; luggage-tag: 18.6 � 2.9; Mason-Allen: 18.8 � 2.0). Peak
load to failure forces were reported as 115.53 � 15.95 N for the horizontal mattress,
102.42 � 19.33 N for the luggage-tag, and 89.96 � 15.78 N for Mason-Allen tech-
niques. This difference between the horizontal mattress and Mason-Allen techniques
was found to be statistically significant. Displacement at failure was noted at
9.3�2 mm for the horizontal mattress, 8.1 � 1.6 mm for the luggage-tag, and
7.6 � 1.6 mm for the Mason-Allen techniques. The authors also measured stiffness
of the constructs, which were 52.6 � 2.8 N/mm, 50.3 � 10.5 N/mm, and
53.9� 4.9 N/mm, respectively. Neither displacement nor stiffness between constructs
was found to be statistically significant.
Although the horizontal mattress seemed to be superior in terms of load to failure

in the Finney and colleagues study, the constructs performed similarly across other
studied parameters and the clinical significance of a 25 N difference in this location
is unclear.62 This might be particularly true as the w90 N peak load to failure
observed with the Mason-Allen technique could be considered supraphysiologic
when considering the Bhatia and colleagues findings of 38 N for an intact joint.56

One should certainly be careful directly comparing the results from 2 different
studies implementing 2 different mechanical testing protocols, but the Finney and
colleagues results seem to indicate that all repair techniques effectively doubled
the “normal” load to failure observed in the intact joints of the Bhatia and colleagues
investigation.56,62
SPRING LIGAMENT

Another soft tissue structure providing static support is the plantar calcaneonavicu-
lar ligament. More commonly referred to as the spring ligament complex (SLC), it is a
thick triangular structure composed of at least 2 distinct ligamentous bands primarily
connecting the sustentaculum tali of the calcaneus to the medial aspects of the
navicular.63–65 The superomedial calcaneonavicular ligament is a fibrocartilaginous
band with collagen orientation able to withstand repetitive loads, whereas the infer-
omedial calcaneonavicular ligament contains organized longitudinal fibers able to
resist tensile forces.63 Although there is no direct attachment to the talus, this com-
plex is in close anatomic proximity to the medial and plantar aspects of the talona-
vicular joint. This, in combination with the deltoid ligament, supports the head of the
talus, provides static stability to the talar head and the talonavicular joint, supports
the medial longitudinal arch, and provides kinetic coupling between the forefoot
and the hindfoot.63,66–69

This has been an area of contemporary interest with respect to the diagnosis and
treatment of posterior tibial tendon dysfunction (PTTD) and peritalar subluxation.
Tears or attenuation of the SLC are commonly observed in those with PTTD, and
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Table 1
Summative findings of biomechanics of lower extremity soft tissue procedures

Anatomic Area Expected Physiologic Forces Reviewed Repair Constructs Conclusion?

Achilles tendon Substantial variation is noted in
expected physiologic forces
depending on the specific
activity9,10,13,14

Most repair techniques noted to
fail at >100 N and <1000 N14–16

Reviewed repair constructs seem
to range from supraphysiologic
when considering nonweight-
bearing range of motion, but
infraphysiologic when
considering weight-bearing
activity

ATFL Mean loads to ligament failure
observed to range between 154
and 206N in cadaveric
methodologies37–39

Mean loads to failure observed to
range between 68 N and315 N in
cadaveric methodologies
examining multiple repair
techniques38,39

Reviewed repair constructs seem
to range from infraphysiologic
to supraphysiologic

Plantar plate (plantar
metatarsophalangeal ligament)

37 ± 5.7 N found to dislocate the
second MPJ in a cadaveric
methodology with an intact
joint capsule and plantar plate56

Mean loads to failure observed to
range between 90 N and116 N in
a cadaveric methodologies
examining 3 different repair
techniques62

Reviewed repair constructs seem
supraphysiologic

Spring ligament (plantar
calcaneonavicular ligament)

A mathematical model theorized
approximate forces of 50 N with
2-foot stance and 82 N with
single limb stance80

No direct analyses reviewed This likely represents an
interesting avenue for future
investigation
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some have proposed that this is likely the structure that fails first within the pathogen-
esis of peritalar subluxation, and its primary repair in flatfoot reconstructive surgeries
has become more commonplace.70–79

With that said, it is a structure that is difficult to evaluate in isolation, both with
respect to normal function and following surgical reconstruction. Cheung and col-
leagues concluded that force loaded on the SLC was approximately 50 N during 2-
foot balance and gait, and that this increases to 82 N with single limb stance.80 Huang
and colleagues performed a cadaveric study to assess the significance of the plantar
fascia, long and short plantar ligaments, and the spring ligament in maintaining arch
stability.81 Specimens were loaded to 230 N, 460 N, and 690 N with sequential
sectioning of the aforementioned structures in various orders. Failure occurred at
920N when all 3 structures were sectioned. The observed decrease in arch height
was greatest following sectioning of the plantar fascia regardless of order of release.
This was followed by the plantar ligaments and, finally, the spring ligament. Stiffness
decreased by 25%, 10%, and 2% following sectioning of the plantar fascia, plantar
ligaments, and spring ligament, respectively.
Cifuentes-De la Portilla and colleagues evaluated different flatfoot arthrodesis and

visualized the different stresses on osseous and cartilaginous structures following
each procedure.82–84 The highest stresses occurred at the navicular and the authors
largely contributed this to the spring ligament. In an earlier study by the same authors,
the biomechanical forces of each isolated joint following rearfoot arthrodesis were
assessed. The talonavicular joint arthrodesis generated a significant stress reduction
in comparison to the subtalar joint fusion, indirectly providing evidence to the impor-
tance of this anatomic area and supporting structures.83

Biomechanical testing of the SLC represents an interesting avenue for future inves-
tigations because very few have attempted this. However, Aynardi and colleagues did
find significant difference in failure properties between traditional spring ligament
repair and repair augmented with FiberTape85 (Table 1).

CLINICS CARE POINTS
� The triple bundle technique for end to end repair of the Achilles tendon offers the highest
tensile strength at 453 N compared to other techniques such as a the Bunnell, Krackow,
Kessler, gift box, and Ma-Griffith.

� However, it is important to differentiate between statistically significance and clinical
significance as it pertains to post-operative protocol with Achilles tendon repair.

� When considering ATFL repair, it is important to identify and consider anatomic versus
nonanatomic repair and also with and without augmentation with allograft.

� Suture anchors in ATFL repair have had encouraging results and likely carry clinical
significance.

� The plantar plate plays a significant role inMPJ stability along with the capsule and collateral
ligaments.

� It is important to consider indirect versus direct repair of the plantar plate as it can affect
recurrence rate.

� The spring ligament in combination with the deltoid ligament provide static stability to the
talar head and talonavicular joint.

� Attenutation to this structure can result in the pathogenesis of peritalar subluxation and
restoration of this ligament can aid in flatfoot reconstruction.
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