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Abstract: Background: Tibiofemoral contact mechanics (TFCM) is an accepted biomechan-
ical metrics for evaluating the meniscus in its intact, torn, and repaired states. Pressure
sensors are increasingly used, with accuracy and repeatability influenced by test conditions,
their design, and their properties. To identify factors optimising performance, we per-
formed a systematic review of the literature on their use for measuring TFCM in posterior
meniscal root tears. Methods: The Cochrane Controlled Register of Trials, PubMed, and
Embase were used to perform a systematic review using the PRISMA criteria. As laboratory
and surgical setup can influence sensor performance, we collected data on specimen prepa-
ration, repair techniques, hardware use, and biomechanical testing parameters. Results:
24 biomechanical studies were included. Specimen preparations were similar across studies
with respect to femoral and tibial mounting. Single axial compressive forces were applied
between 100 and 1800 N at varying flexion angles (0-90°). Tekscan (Boston, MA, USA) was
the commonest sensor used to measure TFCM, followed by digital capacitive sensors and
Fujifilm (Tokyo, Japan). Factors influencing their performance included fluid exposure,
lack of adequate fixation, non-specific calibration protocols, load saturation exceeding
calibration, damaged sensels and inappropriate pre-test conditioning. Conclusions: Under-
standing potential factors influencing pressure sensors may improve accuracy, area, and
pressure distribution measurements.

Keywords: tibiofemoral contact mechanics; contact area; contract pressure; pressure
sensors; posterior meniscal root tear; biomechanics

1. Introduction

The posterior roots of the menisci play a critical role in preserving meniscal function
and the distribution of axial load across the tibial plateau [1-3]. Posterior meniscal root
tears (PMRTs) compromise the circumferential integrity of the meniscus and prohibit the
generation of hoop stress. In doing so, the chondral surface is susceptible to injury upon
loading, and can subsequently degenerate [4-7]. Therefore, it is strongly recommended to
repair these tears in appropriately indicated patients [8,9]. Tibiofemoral contact mechanics
(TFCM)—in particular, contact area and pressure—provides a form of measurement for

Sensors 2025, 25, 1507

https://doi.org/10.3390/s25051507


https://doi.org/10.3390/s25051507
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0002-2810-7075
https://orcid.org/0000-0001-7608-5619
https://orcid.org/0000-0001-8465-8923
https://doi.org/10.3390/s25051507
https://www.mdpi.com/article/10.3390/s25051507?type=check_update&version=2

Sensors 2025, 25, 1507

2 of 26

chondral injury, and is an accepted biomechanical metric for the evaluation of the menisci
in its intact, torn, and repaired state [10,11]. Knowledge of the patterns of TFCM in these
conditions will determine the approach one takes to restore knee joint function [12]. Pres-
sure sensors are increasingly being used to quantify contact area and pressure [13-22], with
importance placed on appropriate and correct utilisation, as such outcomes in biomechani-
cal research can affect clinical practice and patient care. For instance, the performance of the
sensors depends on the test setup and the laboratory conditions in which they operate. This
includes their exposure to fluid, temperature settings, and humidity; the ease of insertion
within the joint; their calibration sequence; and how the tibiofemoral joint is mounted to
ensure the sensors are securely fitted for analysis [11,13,15,17,19-22]. The sensor accuracy,
to include repeatability and bias, is influenced by its inherent design and properties. There-
fore, to properly interpret studies using these techniques, it is crucial to understand the
behaviour and limitations of the sensors within this context. In this respect, we performed
a systematic review of the literature on the use and applicability of pressure sensors for
the measurement of tibiofemoral contact mechanics following repair of posterior meniscal
root tears.

2. Methods
2.1. Literature Search

A systematic review was performed and reported according to the standards of the
PRISMA (Preferred Reporting Items for Systematic Review and Meta-Analyses) criteria [23].
Searches of Cochrane Controlled Register of Trials, PubMed (MEDLINE), and Embase were
conducted from the inception of the databases to 15 January 2024, and repeated on 10
November 2024 for an update of the literature. Both dates are illustrated in Tables S1 and S2.
The Boolean search items included (‘posterior horn” OR ‘root” OR ‘radial’) AND (‘meniscus’
or ‘meniscal) AND (‘tibiofemoral contact’ OR ‘contact pressure’ OR ‘contact area’). No
restrictions were made on language, and efforts were made to obtain translated versions of
all included studies. Restrictions were not placed on the date of publication or the journal.
All relevant articles and reviews were examined for further relevant citations.

2.2. Eligibility Criteria and Outcome Measures

All biomechanical studies on cadaveric or animal knee joints that used pressure sensors
to measure tibiofemoral contact mechanics (to include contact area and pressure) following
repair of posterior meniscal roots were included. No limitations were placed on the type of
repair (i.e., transtibial pull-through (TPR), suture anchor repair (SAR), side-to-side repair,
all-inside repair), and studies with treatment for concomitant injuries were also included.
This includes, but is not limited to, anterior cruciate ligament reconstruction (ACLR), menis-
cotibial ligament tenodesis, and open-wedge high tibial osteotomy (OWHTO). Whilst these
additional techniques could potentially confound the analyses from the sensors, this review
ensured interpretation of the sensors was confined to the sub-groups where only a root
repair was performed. Exclusion criteria included computational-based studies, editorial
letters, case reports, technical notes, and expert consensuses and abstract-only studies.

2.3. Study Selection and the Assessment of Quality of Studies

Two authors (Authors 1 and 2) independently reviewed the titles and abstracts, after
which relevant papers were reviewed in full by each author independently. Those that
met the eligibility criteria were chosen, with discrepancies highlighted and reviewed by
senior authors (Authors 5, 6, and 7). The same 2 authors independently assessed the
methodological quality of the biomechanical studies using the Methodological Index for
Non-randomised studies (MINORS) tool (Table S3) [24]. The risk of bias of the included
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biomechanical studies was assessed and reported by the same 2 authors in accordance with
the Risk of Bias in Nonrandomized Studies of Interventions tool (ROBINS) [25] Each item
was judged according to high, moderate, low, or unclear risk of bias. Studies were deemed
to have the highest risk of bias if they scored a high or unclear risk of bias.

Furthermore, the final level of certainty of evidence across all studies was assessed us-
ing the Grading of Recommendations, Assessment, Development, and Evaluation (GRADE)
tool. Five domains were assessed to include risk of bias, inconsistency, imprecision, indirec-
tion, and publication bias [26]. Rating of evidence was high, moderate, low, or very low.
High certainty of evidence implies the evidence is very likely to represent the truth, and
low certainty and below indicates that the evidence is unlikely to represent the truth.

As laboratory and surgical setup can potentially influence the performance of pressure
sensors, we collected data on specimen preparation, repair techniques, hardware use,
biomechanical testing parameters, and the conditions. Where possible, further data were
collected on the design and properties of the sensor.

2.4. Data Synthesis

Continuous-variable data were reported as mean =+ standard deviation from the mean
unless otherwise specified. Categorical-variable data were reported as frequency and
percentage. Of note, when data were presented, it was ensured the statistical tests for
the included studies were adequately justified; that is, parametric tests were performed
for studies comparing mean differences between two groups (e.g., two-tailed indepen-
dent t-test), where normal distribution of data with equal variance was assumed, and
non-parametric tests (e.g., Mann—-Whitney U test) were performed for studies in which
non-normal data distribution with unequal variance was assumed. In addition, studies
comparing mean differences between three or more groups were analysed to ensure para-
metric tests (e.g., ANOVA) were only performed when the assumptions of normal data
distribution with homogeneity of variances were met, with pairwise post hoc comparison
tests (e.g., Tukey) to identify groups that differed from one another. Furthermore, it was
ensured that non-parametric tests (e.g., Kruskal-Wallis) were only performed when no
assumptions of the data distribution were made, with adequate post hoc comparison tests
(e.g., Dunns method). A value of p < 0.05 was considered statistically significant unless
otherwise noted.

3. Results

Thirty-seven full-text articles were reviewed. Thirteen studies were excluded based
on the eligibility criteria (Figure 1). Twenty-four papers were therefore included in this
systematic review [1,3,21,27-47]. The mean rating of all studies using the MINORS tool
was 20.5 =+ 1.35 points (of a maximum of 24 points, 85.4%; range, 19-22 points) (Table 54).
A common reason for point deductions was item 5 (unbiased assessment of the study
endpoint), as the observers were unblinded to the study endpoints and therefore may have
influenced the results. This can potentially distort the true effect being measured, reducing
the validity of the impact of the exposure being studied. The same reason was also noted
following ROBINS assessment (Figures S1 and S2), whilst the certainty of evidence using
the GRADE criteria was high across all studies.
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Identification

Screening

Eligibility

Included

Records identified through

database searching

Additional records identified

through other sources

l i

Duplicates

Records after duplicates removed = 454 versawed= 113

|

Records screened

l

Full-text articles assessed for

——» | Records excluded =417

Full-text articles excluded

with reasons =13

o>
eligibility = 37
No repair of the root =4
Tear not in/adjacent to root =5
No creation of root tear = 1

Not true measure of TFCM =1

No insertion of sensor =2

Studies included in analysis
=24

Figure 1. PRISMA flow diagram for study selection.

3.1. Biomechanical Characteristics

In total, there were 235 testing specimens, of which 187 were in cadaveric and 48 in
porcine knees. Seventeen studies measured tibiofemoral contact mechanics following the
repair of a medial meniscal posterior root tear (MMPRT) [1,3,21,27-31,35-37,39-42,44,45],
of which two performed additional treatment for concomitant injuries to include menis-
cotibial ligament (MTL) tenodesis and OWHTO [31,41]. The remaining seven studies were
for lateral meniscal posterior root tears (LMPRTs) [32-34,38,43,46,47], and two studies
performed either an ACL reconstruction or created in addition a meniscofemoral ligament
(MFL) injury [32,33]. The baseline characteristics are described in Table 1.

Bone and specimen preparation were similar across most studies, including storage,
dissection, preservation of knee-stabilising structures, and mounting on the testing machine.
Despite the application of a single axial load across most studies, its range varied between
100 N and 1800 N in cadaveric knees, with 1000 N being commonly used. For porcine knees,
this ranged between 200 N and 1500 N. Transosseous pull-through repair (TPR) was the
most common repair performed for posterior meniscus root tears. Flexion angles that were
commonly used were 0°, 30°, 60°, and 90°. Although this can affect the pressure on the joint
surfaces, the consensus in most studies (twenty-one) was that the surgical repair of root
tears restored tibiofemoral contact mechanics to that of the intact meniscus at most of these
angles, and these results were similar when compared across studies [1,3,21,28,30—-46].
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Table 1. Biomechanical characteristics of included studies. ACL, anterior cruciate ligament; ATPR, anatomic transtibial pull-through; HCT, horizontal cleavage
tear; LFC, lateral femoral condyle; LM, lateral meniscus; LMPHT, lateral meniscal posterior horn tear; LMPRT, lateral meniscus posterior root tear; MAT, meniscal
allograft transplantation; MD, mean difference; MM, medial meniscus; MMPH, medial meniscus posterior horn; MMPRT, medial meniscus posterior root tear; MCL,
medial collateral ligament; MFC, medial femoral condyle; MFL, menisco-femoral ligament; MTL, meniscotibial ligament; MTM, material-testing machine; NATPR,
non-anatomic transtibial pull-through; PCL, posterior cruciate ligament; PMMA, polymethylmethacrylate; TFCM, tibiofemoral contact mechanics; TPR, transtibial
pull through repair. Biomechanical characteristics of included studies. ASA, all suture anchor; MMA, modified Mason—-Allen; TSS, two simple stitch.

. Outcome Measure of Interest Knee . . .
Study Aims of Study (Effect Measures, EM) Specimen No. of Specimens Specimen Preparation Bone Set Up
Compare TFCM between intact 1. 5 cm cut femur and tibia
MM and LM, arthroscopic and Contact area and pressure . from joint 1. Femur and tibia potted in
Baratz et al., 1986 [26] open MM tear repair partial and (EM: not reported) Human cadaveric 3 2. Tissue dissection with aluminium sleeves with screws
total meniscectomy preservation of knee stabilisers
Compare TFCM between intact 1. Stored at —20 °C
. meniscus, MMPRT, MMPRT Contact area and pressure . - . . . 1. Femur and tibia potted in resin
Allaire et al., 2008 [1] . . Human cadaveric 9 2. Tissue dissection with .
repair, and total medial (EM: MD) . e 2. Mounted on MTM via jig
. preservation of knee stabilisers
meniscectomy
Compare TFCM between intact 1. Femur and tibia cut from joint 1. Tibia and femur potted in
. . Contact area and pressure . . . . . PMMA
Marzo et al., 2008 [3] meniscus, MMPH avulsion, and Human cadaveric 8 2. Tissue dissection with .
. . (EM: not reported) . o 2. Distal femur attached to MTM
MMPH avulsion repair preservation of knee stabilisers .
through a transepicondylar rod
1. Stored at —20 °C
Compare TFCM between intact Contact area and presstre 2. 20 cm cut femur and tibia 1. Femur and tibia potted in resin
Seo JH et al., 2009 [21] meniscus, MMPRT, and (EM'MD)p Porcine 11 from joint 2. Mounted on MTM via jig that
MMPRT repair ) 3. Tissue dissection with enabled 6° of freedom
preservation of knee stabilisers
Compare TFCM between intact 1. 20 em cut femur and tibia
Muriuki et al., MM, radial and vertical tears, Contact area and pressure Human cadaveric 1 from joint 1. Femur and tibia potted in resin
2011 [39] repair of tears, and total medial (EM: MD) 2. Tissue dissection with 2. Mounted on MTM via jig
meniscectomy preservation of knee stabilisers
. Compare TFCM between intact 1.15 em cut fef“.ur and tibia
Schillhammer et al., - Contact area and pressure . from joint o
meniscus, LMPHT, and Human cadaveric 8 - . . . Inadequate description
2012 [46] . (EM: MD) 2. Tissue dissection with
LMPHT repair . -
preservation of knee stabilisers
Compare TFCM between intact 2 151(.trf1tcc)fﬁc’1fei;1:rzgndc tibia 1. Femur and tibia potted
Kim JG et al., menisci, MMPRT, MMPRT Contact area and pressure Human cadaveric 5 paired (10) : from ioint : in PMMA p
2013 [35] repair, MAT, and (EM: MD) p )

MAT + MCL release

3. Skin, fat, and muscle
dissection

2. Mounted on MTM via jig
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Table 1. Cont.

Study

Aims of Study

Outcome Measure of Interest
(Effect Measures, EM)

Knee
Specimen

No. of Specimens

Specimen Preparation

Bone Set Up

Compare TFCM between intact
meniscus, LMPRT + intact MFL,
LMPRT + MFL injury, and

Contact pressure

1. Stored at —25 °C

1.Tibia potted in plastic

Forkel et al,, 2014 [32] LMPRT repair with MFL injury (EM: MD) Human cadaveric 10 n? Sklm(,iifat, atrildn 2. Mounted on MTM via clamps
via either traditional or uscie dissectio
ACL tunnel
1. Tibia potted in PMMA
Compare TFCM between intact 1. 20 cm cut femur and 2. Distal femur attached to MTM
LaPrade CM et al., meniscus, LMPRT, and radial Contact area and pressure Human cadaveric 8 tibia/fibula from joint through a transepicondylar rod
2014 [38] tear close to root, and the repair (EM: MD) 2. Tissue dissection with 3. Proximal parallel femoral rod
of these pathologies preservation of knee stabilisers for angle adjustments
4. LFC osteotomy
Compare TFCM between intact
Pad;gleilagi al., g\zn;s;?;af?gniaﬁﬁ f-f)?)l’;s 3;13 Contact (zglf/i ﬁgf ressure Human cadaveric 6 As per LaPrade CM 2014 [38] As per LaPrade CM 2014 [38]
the repair of these pathologies
Compare TFCM between intact
LaPr;(c)lf SC[I?:/;]et al, 12%1]15::; I\A/I%/I[)I;ngrl\l/\[/[hﬁ)gjf Contact 8;;; ﬁgf ressure Human cadaveric 6 As per LaPrade CM 2014 [38] As per LaPrade CM 2014 [38]
and NATPR for MMPRT
Compard T et s
Perez-Blanca et al., intact meniscus, LMPRT, Contact area and pressure Human cadaveric 3 ’ from ioint 1. Femur and tibia potted in resin
2015 [43] LMPRT repair, and (EM: MD) . njom . 2. Mounted on MTM via clamps
meniscector 3. Tissue dissection with
y preservation of knee stabilisers
Compare TFCM between intact
meniscus, LMPRT + intact MFL, . . . .
. LMPRT + deficient MFL, 1. Tissue dissection with
Gezeoslhén[iia L LMPRT + deficient MFL + ACL Contact 8;;? ﬁgf ressure Human cadaveric 10 (Ef(iiertvg ;OI;(?E krrl:eusgglhizlgi As per LaPrade CM 2014 [38]
- tear, and LMPRT repair with ) P group 1eq 8
ACL and/or ACL tear)
reconstruction + deficient MFL
1. Distal femur attached to MTM
Compare TFCM between intact . via TEA rod 2x femoral tunnels
. 1. 15 cm cut femur and tibia .
meniscus, HCT of MM Contact area and presstre from joint 2. Proximal parallel femoral rod
Koh et al., 2016 [36] extending to root, inferior leaf P Human cadaveric 12 ) for angle adjustments

resection, inferior and superior
leaf resection, and HCT repair

(EM: MD)

2. Tissue dissection with
preservation of knee stabilisers

3. Tibia potted in cylinder
with screws
4. MEC osteotomy
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Table 1. Cont.

Outcome Measure of Interest

Knee

Study Aims of Study (Effect Measures, EM) Specimen No. of Specimens Specimen Preparation Bone Set Up
Compare TECM between intact 1. 20 cm cut fem}lr and tibia 1. Femur .and tlbla potted
Chung et al., 2018 [29]  meniscus, MMPRT, and various Contact area and pressure Porcine 7 from joint with resin.
v MMPR’T repair t,echni ues (EM: MD) 2. Tissue dissection with 2. Femur mounted on MTM via jig
P ! preservation of knee stabilisers that enabled 6° of freedom
1. Stored in freezer,
Compare TFCM between mntact Contact area and pressure . 2.15-20 em cut f emur tibia 1. As per LaPrade CM 2014 [38]
Daney et al., 2019 [30]  meniscus, MMPRT, and various (EM: MD) Human cadaveric 10 from joint 2 MFC osteotom
techniques for MMPRT repair ’ 3. Tissue dissection with ’ y
preservation of knee stabilisers
Compare TFCM between intact 1. 20 cm cut femur and L Femuirna;;\i/ﬂt\l/}:za potted
Saltzman et al., meniscus, MMPRT, and Contact area and pressure Human cadaveric 8 tibia/fibula from joint 2. Tibia mounted on
2020 [45] MMPRT repair with PCL (EM: MD) 2. Skin, fat, and :
suture fixation muscle dissection custom-made table
3. Femur mounted on MTM via jig
Compare TFCM between 4 1. Stored at —80 °C o 1. Femur and tibia potted
. . 2. 15 cm cut femur and tibia .
Zhang et al,, 2021 [47] repair techniques for T2 LMPRT: Contact area and pressure Human cadaveric o4 from ioint with PMMA
g v TPR, SAR, side-to-side repair, (EM: MD) . njom . 2. Mounted on MTM via clamps
and H-plasty repair 3. Tissue dissection with 3. LFC osteotomy
preservation of knee stabilisers ’
Compare TFCM between intact Contact area and pressure 1. Stored at —20 °C L Femu;nag&;fga potted
Gupta et al., 2022 [34] meniscus, LMPRT, and p Human cadaveric 8 2. Tissue dissection with .
. (EM: MD) . - 2. Mounted on MTM via clamps
LMPRT repair preservation of knee stabilisers
3. LEC osteotomy
1. Stored in freezer
Compare TFCM between intact 2. 4-7 cm cut femur and tibia 1. Femur and tibia potted
Amano et al., . R Contact area and pressure . L. X
2023 [27] meniscus, MMPRT, and various (EM: MD) Porcine 10 from joint in PMMA
techniques for MMPRT repair ’ 3. Skin, fat, and 2. Mounted on MTM via jig
muscle dissection
Compare TFCM between intact 1. Stored in freezer .
. I 1. Femur and tibia potted
meniscus, MTL tear, MTL tear + Contact area and presstire 2. 15-20 cm cut femur and tibia in PMMA
Doan et al., 2023 [31]  MMPRT, MTL tear and MMPRT P Human cadaveric 10 from joint -
. . (EM: MD) . . . . 2. Mounted on MTM via jig
repair, and MTL tenodesis + 3. Tissue dissection with 3. MFC osteotom
MMPRT repair preservation of knee stabilisers ’ y
Compare TFCM between intact
meniscus, MMPRT, and
Park HJ et al., MMPRT repair. All were Contact area and pressure Human cadaveric 9 1. 20-25 cm cut femur and tibia 1. Femur and tibia potted in resin
2023 [41] compared with varying degrees (EM: MD) from joint 2. Mounted on MTM via jig

of OWHTO (neutral, 5°, and 10°
of valgus).
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Table 1. Cont.

Outcome Measure of Interest

Knee

Study Aims of Study (Effect Measures, EM) Specimen No. of Specimens Specimen Preparation Bone Set Up
Compare TFCM between intact
. menisci, MMPRT, and repair Contact pressure .
Pasic et al., 2023 [42] techniques for MMPRT: TPR (EM: MD) Human cadaveric 9 As per LaPrade CM 2014 [38] As per LaPrade CM 2014 [38]
and all-inside repair
Compare TFCM between intact 1. 20 em cut femur and tibia
Saengpetch et al., meniscus, MMPRT, and repair Contact area and pressure Porcine 20 from joint 1. Femur and tibia mounted on
2023 [44] techniques for MMPRT: TPR (EM: MD) 2. Tissue dissection with MTM via jig
and all-suture anchor preservation of knee stabilisers
Study Biomechanical Testing Meniscal Tear Creation Repair Type of Pressure Sensor Used Conclusions

Baratz et al., 1986 [28]

Instron 1122 (Instron, MA, USA)
1. 1.8 kN load, 6 s cycle at 0°

Peripheral tear:
1. 2 cm MMPH or LMPH

Arthroscopic repair: 2 x horizontal mattress
Open repair: 2 x vertical sutures

Colour-based sensor:
Fujifilm Prescale (Tokyo, Japan)

Peripheral tear: Increased contact
pressure compared to intact
Post-repair: TFCM restored to
intact state

TTS-25kN MTM
(Ontario, Canada)

Colour-based sensor: Fujifilm

MMPRT: Increased contact
pressure compared to intact

Allaire et al., 2008 [1] 1. 1000 N load: 0, 30, 60, and 90° Not described TPR Prescale (Tokyo, Japan) Post-repair: Pressure restored to
knee flexion intact state
MMPH tear: Increased contact
858 Mini Bionix MTM Posterior horn tear: Piezo-resistive sensor: Tekscan pressure and decreased area
Marzo et al., 2008 [3] (Minneapolis, MA, USA) At tibial a ttachmen’.c TPR (Boston, MA. Ué A) compared to intact
1. 1800 N load at 0° ’ ! Post-repair: TFCM restored to
intact state
MMPRT: Increased contact
55 i Bionix AT pressure s decrssed aato
Seo JH et al., 2009 [21] (Minneapolis, MA, USA) MMPRT: 3 mm from TPR Piezo-resistive sensor: K-Scan Post-repair: Despite improvement

1. 1500 N load: 0, 15, 30, 60, and
90° knee flexion

insertion site

6900 (Boston, MA, USA)

in TFCM torn at most angles, only
restored pressure to intact
between 30 and 90°

Muriuki et al.,
2011 [39]

MTM
1. 1000 N load: 0, 30, 60, and 90°
knee flexion

Radial tear: MM central portion
to inner rim
Vertical tear: Peripheral 1/3
involving root

Radial repair: arthroscopic.
Horizontal mattress.
Vertical repair: Arthroscopic, vertical sutures

Colour-based sensor: Fujifilm
Prescale (Tokyo, Japan)

Radial tears: No change in TFECM
compared to intact state
Vertical tears: Increased contact
pressure and reduced area, similar
to total meniscectomy
Post-repair: TFCM in vertical
tears resolved, similar to
intact state
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Table 1. Cont.

Study Biomechanical Testing Meniscal Tear Creation Repair Type of Pressure Sensor Used Conclusions
LMPH detachment: increased
Schillhammer et al., Servohydraulic frame - e Piezo-resistive sensor: Tekscan contact pressure and decreased
2012 [46] Load after 4th eait cvcle Insufficient description TPR (Boston, MA, USA) area to intact state
gatt cy! it Post-repair: TFCM restored to
intact state
MMPRT: Increased contact
Instron 8511 pressure and decreased area
Kim JGetal., (Minneapolis, MN, USA) Root tear: Resection at TPR Capacitive sensor: Pliance X compared to intact at
2013 [35] 1. 300 N load: 0, 30, 60, and 90° tibial attachment (Munich, Germany) mid-flexion angles
knee flexion Post-repair: Improvement in
TFCM to intact state
LMPRT: Non-significant increase
in contact pressure to intact
Forkel et al., 2014 [32] 2005 (Ulm, Germany) Insufficient description TPR Capacitive sensor: st Sensor Si Lrﬁiigzt:niig:sg Illrtl Ig/c[:l%;ct
v 1. 100 N axial load at 0° P Type S2042 (Munich, Germany) & .
pressure to intact
Post repair: Pressure restored
to intact
LMPRT and radial tear to root:
Instron E10000 Root tear: Posterior root Increased contact pressure and
LaPrade CM et al., (Norwood, MA, USA) avulsion TPR Piezo-resistive sensor: Tekscan ~ decreased area compared to intact
2014 [38] 1. 1000 N load: 0, 30, 45, 60, and Radial tear: 3 and 6 mm from (Boston, MA, USA) at all angles
90° knee flexion root attachment Post-root repair: TFCM restored
to intact state all angles
MMPRT and radial tear:
Instron E10000 Radial tear: 3. 6. and 9 mm Increased contact pressure and
Padalecki et al., (Norwood, MA, USA) resection fror;1 r’oc:t attachment TPR Piezo-resistive sensor: Tekscan  decreased area compared to intact
2014 [40] 1. 1000 N axial load for 30 s: 0, Root tear: At root attachment (Boston, MA, USA) at all angles
30, 45, 60, and 90° knee flexion ' Post repair: TFCM restored to
intact state at all angles
MMPRT: Increased contact
pressure and decreased area to
Instron E10000, intact at all angles
LaPrade CM et al., (Norwood, MA, USA) . . . Piezo-resistive sensor: Tekscan Post NATPR: No improvement in
2015 [37] 1. 1000 N load for 30s: 0, 30, 45, MMPRT: At root attachment TPR (anatomical and non-anatomical) (Boston, MA, USA) area to intact at all angles. Higher

60, and 90° knee flexion

pressure to intact at 0 and 90°.
Post ATPR: TFCM restored to
intact across all angles
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Table 1. Cont.
Study Biomechanical Testing Meniscal Tear Creation Repair Type of Pressure Sensor Used Conclusions

LMPRT and meniscectomy:

Perez-Blanca et al., 1. 1000N load: 0, 30, 60, and 90° - .. Piezo-resistive sensor: K-Scan Increased contac.t pressure and
- Insufficient description TPR decreased area to intact all angles
2015 [43] knee flexion 6900 (Boston, MA, USA) .

Post-repair: TFCM restored to
intact state only at lower angles
LMPRT + intact MFL + intact

ACL: Similar TFCM to intact

meniscus all angles
Instron E10000, LMPRT + deficient MFL
. Root tear: Tear between . L (regardless of ACL condition):
Geeslin et al., (Norwood, MA, USA) K Piezo-resistive sensor: Tekscan

posterior root attachment and TPR Increased contact pressure and

2016 [33]

1. 1000 N load for 30 s: 0, 30, 45,
60, and 90° knee flexion

medial tibial eminence

(Boston, MA, USA)

decreased area to intact state all
angles
LMPRT repair + ACL
Reconstruction: Similar TECM to
meniscus intact across most angles

Koh et al., 2016 [36]

1. 800 N load: 0 and 60°

HCT tear: 1 cm away from
posterior root and extending
into root

HCT repair: Inside out with 2 x vertical
mattress

Piezo-resistive sensor: Tekscan
(Boston, MA, USA)

HCT at root: Similar TFCM to
intact state

Post repair: Similar TFCM to
intact state

Chung et al., 2018 [29]

Instron 8,511
(Minneapolis, MN, USA)
1. 1000 N load: 0, 30, 60, and 90°
knee flexion

MMPRT: 5 mm radial tear from
root attachment

Either: a. All-inside repair: Fastfix anchors
b. TPR with TSS or c. TPR with MMA

Capacitive sensor
(Munich, Germany)

MMPRT: Increased contact
pressure and decreased area to
intact state all angles
Post-repair with TSS, MMA or
All inside: Despite improvements
of pressure and area to torn state,
did not restore to intact at all
angles
Between fixation groups: Similar
pressure but better area with
MMA at all angles

Daney et al., 2019 [30]

Instron E10000,
(Norwood, MA, USA)
1. 1000 N load for 30s: 0, 30, 45,
60, and 90° knee flexion

MMPRT: Adjacent to
root attachment

TPR (ATPR or NATPR)
Centralisation: Transtibial technique

Piezo-resistive sensor: Tekscan
(Boston, MA, USA)

MMPRT: Increased contact
pressure and decreased area to
intact all angles
ATPR repair: TFCM restored to
intact at all angles
ATPR + centralisation: TFCM
similar to intact
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Table 1. Cont.

Study

Biomechanical Testing

Meniscal Tear Creation

Repair

Type of Pressure Sensor Used

Conclusions

Saltzman et al.,
2020 [45]

858 Mini Bionix MTM
(Minneapolis, MA, USA)
1. 1500 N load: 0, 30, 60, and 90°

MMPRT: 2-3 mm from
tibial insertion

MMPRT repair with PCL suture fixation:
Horizontal mattress and Mason Allen fixation

Piezo-resistive sensor: Tekscan
(Boston, MA, USA)

MMPRT: Increased contact
pressure and decreased area to
intact at all flexion angles
MMPRT repair with PCL suture
fixation: TFCM restored to intact
state across all flexion angles

Zhang et al., 2021 [47]

BOSE Testing machine
1. 1000 N load: 0, 30, 60, and 90°
knee flexion

LMPRT: 9 mm from
root insertion

Either a TPR repair, b. SAR: corkscrew anchor,
c. side-toside repair: fast-fix devices, or d.
H-plasty: combination of side-to-side repair
and vertical sutures

Piezo-resistive sensor: Tekscan
(Boston, MA, USA)

LMPRT: Increased contact
pressure and decreased area to
intact at all angles
H-plasty: TFCM restored to intact
all angles
S-S: TFCM restored to intact
0 and 30°
TPR and SAR: TFCM not restored
to intact across at all angles

LMPRT: Decreased contact area to
intact state at mid-high angles

Kuka (30-60°)
(Augsburg, Germany) o . Piezo-resistive sensor: Tekscan . .
Gupta et al., 2022 [34] ) LMPRT: Tibial attachment site TPR Post-repair: Area improved to
Body weight load at 0, 30, and (Boston, MA, USA) X hich 1 °
60° knee flexion intact at high angles (>30°).
Pressure improved at low angles
(<30°)
MMPRT: Increased contact
pressure and decreased area to
intact at all angles
Amano et al., 1. 200 N at 30, 45, 60, and 90° MMPRT: 9 mm medial from TPR Piezo-resistive sensor: Tekscan TPR: No restoration in TFCM to

2023 [27]

knee flexion

root attachment

Centralisation: Knotless anchors

(Boston, MA, USA)

intact at all angles
NATPR + centralise: TFCM
similar to intact except at
mid-flexion

MTL tear: Incision of distal
fibres of the medial MTL

MTL repair: 2 x 2.6 mm knotless anchor

Piezo-resistive sensor: K-Scan

MTL and root tear: Increased
contact pressure and decreased
area to intact state

Doan et al., 2023 [31] E10000 Instron insertion on tibia (FiberTak) MTL tear and root repair: Similar
MMPRT: Radial tear 3 mm from TPR 4000 (Boston, MA, USA) TFCM to intact
insertion from centre of enthesis MTL tenodesis and root repair:

Similar TFCM to intact
MMPRT: Increased contact
Instron 5567 . . - pressure and decreased area to
Park Hj et al., MMPRT: ransection at bony Piezo-resistive sensor: Tekscan .
2023 [41] (Norwood, MA, USA) attachment site TPR (Boston, MA, USA) intact state
1. 650 N at 0° ’ ’ MMPRT repair: TFCM restored to

intact state
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Table 1. Cont.

Study

Biomechanical Testing

Meniscal Tear Creation Repair

Type of Pressure Sensor Used

Conclusions

Pasic et al., 2023 [42]

Instron E10000,
(Norwood, MA, USA)
1. 1000 N load at 0° knee flexion

MMPRT: Full-thickness
radial tear

Either a. all-inside repair: 3x horizontal
mattress or b. TPR

Piezo-resistive sensor: Tekscan
(Boston, MA, USA)

MMPRT: Increased contact
pressure compared to intact state
Post Al repair (either): TFCM
restored to intact state

Saengpetch et al,,
2023 [44]

Instron E10000,
(Norwood, MA, USA)
1. 600 N load: 0, 45, and 90°
knee flexion

MMPRT: 5 mm medial to
tibial attachment

Either a. TPR or b. all-suture anchor: Y-knot
anchor with MMA configuration

Piezo-resistive sensor: Tekscan
(Boston, MA, USA)

MMPRT: Increased contact
pressure and decreased area to
intact state at all angles
Post ASA: Similar TFCM to intact
all angles
Post TPR: Similar TFCM to intact
except with area at 45° and
pressure at 90°
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3.2. Pressure Sensor Application and Insertion

Eighteen studies used the Tekscan pressure sensor (Boston, MA, USA) to measure
tibiofemoral contact mechanics. The remaining studies used either Fuji Prescale films
(Fujifilm, Tokyo Japan) [1,28,39] or digital capacitive sensors (Munich, Germany) [29,32,35].
The application and insertion of the pressure sensors are described in Table 2.

Capsular arthrotomies in the anterior and posterior meniscotibial ligaments were gen-
erally undertaken to position the sensors beneath the meniscus. Only three studies placed
the sensors above the meniscus [27,35,44]. All but one study preserved the cruciate and
collateral ligaments. This individual study sectioned the medial collateral ligament (MCL)
for Tekscan insertion [27]. Fourteen studies secured the sensors within the knee, either with
suture anchors [30,33,37,38,40,46], with screws [31,41,43,45], or securing them to the menis-
cocapsular junction [22,28,44,47]. Sensor position was confirmed during biomechanical test-
ing either by disarticulating the femoral osteotomy initially created [30,31,33,34,36,38,40,47]
or by cross-referencing its position with a standardised reference point [1,32,46].

Fujifilm was packed in a fluid-proof packet, preventing exposure to saline before
and during testing. Tekscan was soaked in saline prior to testing in only six stud-
ies [33,37,38,40,41,45]. However, most soaked the sensor during testing to prevent shear
forces and soft-tissue desiccation [21,27,30,33,34,36-38,40,41,44,45,47]. Five studies pro-
vided precautions to avoid measurement error in the presence of saline [30,33,37,38,40].

To deal with potential sensor damage or wrinkling, a new Tekscan sensor was generally
used in the relevant studies [21,27,30,33,34,37,38,40,43,45,46]. Only four of these studies
accounted for potential damage from repetitive loading on the sensors. This was by
replacing false measures by means of the surrounding sensels [33,37,38,40]. However, none
of these studies analysed the specific mechanism of damage.

A new Fujifilm was used for every test, whilst the same capacitive sensor was used
throughout testing.

Five studies with Tekscan performed pre-tensioning [21,27,44,45,47], and two with
capitative sensors [29,35]. For accurate Tekscan readings, two studies reported on their
maximum detection limit [3,36], and three provided meticulous calibration to establish a
baseline reference of 0 [21,44,45]. This ensured all sensors were activated and ready for
data collection. Tekscan was frequently re-calibrated, either between tests [21,35,42—-44,47]
or with a new knee specimen [27,30,33,37,38,40,41,45,46] No re-calibration was required
with the capacitive or the Fujifilm sensors.
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Table 2. Pressure sensor application and insertion. N/A, not applicable; NR, not reported; kPA, kilo Pascals.

Insertion of Sensor

Saline Soak

Stud Preservation of . .
v Arthrotomy Cruciate & Collateral Security Pre-Testing During Testing Precautions Taken t.o AVO.Id
. Measurement Error in Saline
Ligaments
Baratz et al 2 cm incision in anterior meniscal No, packaged in
1986 [28] v attachment, Fujifilm positioned Yes Insufficient detail heat-sealed No, fluid proof packet No
beneath meniscus cellophane
4x < 2 cm sub-meniscal
Allaire et al., arthrotomy, Yes Insufficient detail Not described No, fluid proof packet No
2008 [1] Fujifilm positioned , uid prootp
beneath meniscus
Mgf)%)% ?E)]a L Incision in MF and MT ligament Yes Insufficient detail Not described Not described No
Seo JH et al Incision posterior MT ligament,
2009 [21] v Tekscan positioned Yes Held in position by tightening capsule Not described Yes No
beneath meniscus
Muriuki et al e ift?rzltlgr_nr?eesmscal No, sealed to prevent
2011 [39] Fujifilm positioned beneath Yes Insufficient detail moisture 3 days prior ~ No, fluid proof packet No
! to test date
meniscus
Schillhammer Incision of coronary ligament,
etal,, 2012 [46] Tekscan positioned beneath Yes Tibial fixation with suture anchor Not described Not described No
i meniscus
Kim JG et al 3 cm capsulotomy medial to PT
2013 [35] v and PCL, sensor positioned Yes Insufficient detail Not described Not described No
. above meniscus
Forkel et al Sensor positioned between the
2014 [32] v femur and meniscotibial surface in ~ Inadequate description Insufficient detail Not described Not described No
lateral joint space
Slight linear decline in load
LaPrade CM 2x incisions in anterior and output countered by
etal., 2014 [38] posterior MT ligament, Tekscan Yes Tibial fixation with suture anchor Yes—48 h Yes normalising data with
v g positioned beneath meniscus measured linear rate
of decline
Padalecki et al., e b .
2014 [40] Yes, per LaPrade 2014 [38] Yes Tibial fixation with suture anchor Yes—48 h Yes Yes, per LaPrade 2014 [38]
LaPrade CM Yes, per LaPrade 2014 [38] Yes Tibial fixation with suture anchor Yes—48 h Yes Yes, per LaPrade 2014 [38]

etal., 2015 [37]




Sensors 2025, 25, 1507

15 of 26

Table 2. Cont.

Insertion of Sensor

Saline Soak

Stud Preservation of . .
y Arthrotomy Cruciate & Collateral Security Pre-Testing During Testing Precautions Taken to Av0.1d
. Measurement Error in Saline
Ligaments
Perez-Blanca 1x incision coronary ligament,
etal,, 2015 [43] sensor positioned beneath Yes Tibial fixation with screws Not described Not described No
v ) meniscus
Geeslin et al., e 1 pe s .
2016 [33] Yes, per LaPrade 2014 [38] Yes Tibial fixation with suture anchor Yes—48 h Yes Yes, per LaPrade 2014 [38]
Koh et al 2x sub-meniscal arthrotomies
2016 [3 6]./ anteriorly and posteriorly, Tekscan Yes Insufficient detail Not described Yes No
positioned beneath meniscus
ng{‘ 8g [;t()?l" Yes, per LaPrade 2014 [38] Yes Fixed to meniscocapsular junction Not described Yes No
Daney et al., . bial fixati ith h .
2019 [30] Yes, per LaPrade 2014 [38] Not described Tibial fixation with suture anchor Not described Yes Yes, per LaPrade 2014 [38]
Salgzor;g ?4?] al, Yes, per LaPrade 2014 [38] Not described Tibial fixation with screws Yes—48 h Yes No
Zhang et al., d ixed dine i d bed
2021 [47] Yes, per LaPrade 2014 [38] Yes Fixed to surrounding ligamentous structures Not describe Yes No
G;é)ztza [e; 4a]1., Yes, per LaPrade 2014 [38] Yes Insufficient detail Not described Yes No
Amano etal, MCL sectioned, Teks.can No, MCL sectioned Insufficient detail Not described Yes No
2023 [27] positioned above meniscus
Doan et al., s 1 e g . . .
2023 [31] Yes, per LaPrade 2014 [38] Yes Tibial fixation with screws Not described Not described No
Pa;lgzlg][ﬁ ]al., Yes, per LaPrade 2014 [38] Yes Tibial fixation with screws Yes—48 h Yes No
2x incision with one posterior to
p
Pasic et al., LCL and one posterior to MCL, .. . .
2003 [42] sensor positioned beneath Yes Insufficient detail Not described No No
meniscus
Saenepetch ot al No sub-meniscal or capsular
2%1;3 [44] v arthrotomy, sensor placed Yes Fixed to knee joint soft tissue Not described Yes No

above meniscus
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Table 2. Cont.

. N Dealing with Sensor Calibration
u Sensors ettings requency o0 Temperature yclical Loading
Baratz et al., Yes—through posterior New Fujifilm for Sensitive to
1986 [28] arthrotomy each test N/A N/A N/A temperature N/A
Allaire et al., Yes—through posterior New Fujifilm for Fluid-proof packet to
2008 [1] arthrotomy each test N/A N/A N/A minimise °C changes N/A
Marzo et al No description of No frequent
v Insufficient description whether new sensor No Calibrated to 1800 N ey NR Not performed
2008 [3] calibration
used for each knee
Per manufacturer
recommendations
Seo JH et al, . o New sensor for Calibrated tp confirm 3 cycles of ve}rymg flexion
2009 [21] Insufficient description cach knee Yes 0 setting Between each test NR angles for each
0 to 15 MPa—test meniscal condition
performed within
this range
Muriuki et al., - .. New Fujifilm for . . Fluid-proof packet to .
2011 [39] Insufficient description cach test N/A Not required Not required minimise °C changes Not required
Yes, calibrated using
3-point non-linear
Schillhammer Yes—disarticulation of femur New sensor for technique spanning Between knee .
- No ) NR Yes, 5 gait cycles
etal., 2012 [46] for view each knee lower pressure range specimens
to match
experiment loads
Preliminary testing to
Kim JG et al One sensor for confirm No re-calibration Cycled 3 tim ith a 300 N
etal, Insufficient description ese s.o ° Pre-tensioned 300 N 2500-3000 kPa safe ore-c . 10 Yes yce €s with
2013 [35] all testing required for pre-tensioning
and corresponded to
300 N
Forkel et al., Yes, anterior horn lateral meniscus One sensor for Prehmmary testing to No re-calibration
2014 [32] as reference all testin, No confirm pressure up required Yes Not performed
: 8 to 2000 kPA safe 4
New sensor for ;
Per manufacturer’s
LaPrade CM each knee recommendations Between knee
Yes, through LFC osteotomy False measure replaced No . ) NR Not performed
etal., 2014 [38] No baseline reference specimens
by mean of
reported

surrounding sensels
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Table 2. Cont.

. N Dealing with Sensor Calibration
u Sensors ettings requency o0 Temperature yclical Loading
Per manufacturer
Padalecki et al., recommendations Between knee
2014 [40] Yes, through MFC osteotomy Per LaPrade 2014 [36] No No baseline reference specimens NR Not performed
reported
Per manufacturer
LaPrade CM .. . recommendations Between knee
etal,, 2015 [37] Insufficient description Per LaPrade 2014 [36] No No baseline reference specimens NR Not performed
reported
Per manufacturer
Perez-Blanca .. . New sensor for recommendations
etal,, 2015 [43] Insufficient description each knee No No baseline reference Between each test NR 5 cycles of 1200 N
reported
Per manufacturer
Geeslin et al., recommendations Between knee
2016 [33] Yes, through LFC osteotomy Per LaPrade 2014 [36] No No baseline reference specimens NR Not performed
reported
Koh et al., .. . . Every 2 consecutive
Yes, through MFC osteotomy Insufficient description No Calibrated to 800 N . NR Not performed
2016 [36] experiment
Calibrated to confirm
0 setting . .
Chung etal, Insufficient description One senspr for Yes, pre-tensioned Preliminary testing No re—cal'lbratlon Yes Not performed
2018 [29] all testing . required
confirmed pressure to
3200 kPA safe
Per manufacturer
Daney et al., New sensor for recommendations Between knee
2019 [30] Yes, through MFC osteotomy each knee No No baseline reference specimens NR Not performed
reported
Per manufacturer
Saltzman et al., .. L. New sensor for . recommendations Between knee
2020 [45] Insufficient description cach knee Pre-tensioned 25 N Calibrated to confirm specimens NR Not performed
0 setting
Per manufacturer
Zhang et al., One sensor for . recommendations 3 cycles of varying knee
2021 [47] Yes, through LFC osteotomy all testing Pre-tensioned 200 N No baseline reference Between each test NR flexion angles

reported
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Table 2. Cont.

- - Dealing with Sensor Calibration
Study Sensor Visualisation to Ensure Wrinkling/Damage of Pre-Tensioning . : :
Accurate Placement Sensors Settings Frequency To Temperature Cyclical Loading
Per manufacturer
Guptaetal., New sensor for recommendations .
2022 [34] Yes, through LFC osteotomy cach knee No No baseline reference Not described NR Not performed
reported
Per manufacturer
Amano et al., .. L. New sensor for . recommendations Between knee
2023 [27] Insufficient description each knee Pre-tensioned 80 N No baseline reference specimens NR Not performed
reported
Per manufacturer
Doan et al recommendations
oo 1] . Yes, through MFC osteotomy Insufficient description No Calibrated to perform Not described NR Not performed
’ experiment within
target range
Per manufacturer
Park HJ et al., - L - L recommendations Between knee
2023 [41] Insufficient description Insufficient description No No baseline reference specimens NR Not performed
reported
Pasic et al Yes—small load applied on joint iigﬁ?ggi?éﬁg
s [42]., and visually confirming contact Insufficient description No No baseline reference Between each test NR Not performed
area fully covered by sensor
reported
Saengpetch et al., - - - - Calibrated to confirm
2023 [44] Insufficient description Insufficient description Yes 0 setting Between each test NR Not performed
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4. Discussion

The purpose of this systematic review was to help researchers in making informed
decisions regarding the applicability and limitations of pressure sensors in measuring
tibiofemoral contact mechanics following repair of the meniscal root. Our review demon-
strated that, qualitatively, surgical repair recreates the function of an intact state, and that a
variety of pressure sensors can detect such change.

The piezoresistive Tekscan Pressure Sensor (Tekscan, Boston, MA, USA) was com-
monly used in the included studies. It is widely used in pressure and force detection
and has been validated in several studies [48-50]. It allows for continuous data collec-
tion throughout several load configurations and dynamic simulation of joint movements
in vitro. However, potential limitations to data accuracy involve several factors. These
include crinkling or damage to individual sensels following repetitive manipulation and
shear loading, load saturation exceeding calibration, output changes related to its placement
and liquid exposure, and whether it is appropriately conditioned prior to testing [21,40].
During liquid exposure, the load output diminishes with time, with 90% of this decline
mitigated by sensor exposure to saline for 48 h [51]. Therefore, saturating the sensor
prior to loading improves the accuracy of the output recorded over time, reducing the
likelihood of requiring post hoc data collection [51]. Six studies provided evidence of
pre-saturation [33,37,38,40,41,45]. However, despite this, linear decline in mean total load
outputs over several data captures for each knee is possible. Therefore, the acquired data
should be normalised with the use of a measured linear rate of decline. This was under-
taken in five studies [30,33,37,38,40]. Alternatively, one can prevent the output drift by
isolating the sensor with a plastic film or Teflon tape [18,19,22,51]. Teflon, however, can
potentially triple the thickness of the original 0.1 mm-thick sensors, inducing a 10-26%
increase of contact pressure. Therefore, modifications that increase the thickness should be
avoided [52,53]. However, polyurethane plastic film is 0.01 mm thick [18,52], which may
potentially have a negligible effect on TFCM following repair of the meniscal root. This
requires further investigation. However, a potential solution in dealing with the spurious
results from sensor thickness, regardless of the technological design (resistive or capacitive),
is to pre-tension the sensor first. This will remove the compressive pressure caused by its
thickness prior to application of real compressive force. This was performed in seven of the
twenty-one suitable studies [21,27,29,35,44,45,47].

Measurement accuracy relies on the secure attachment of the sensors. Anderson
et al. reported that not all measured parameters could be evaluated with shifts in sensor
position [54]. Fourteen studies in this review prevented this from occurring through
securing the sensor on the tibia. Overestimation of the contact area and stress can confound
the results when a shearing force is experienced within the joint. This was limited through
keeping the sensors moist within the experiments and preventing the knee from over-
constraining within the biomechanical setup.

Though the Tekscan sensor is reusable, its lifetime is greatly influenced by repetitive
manipulation, testing, and subsequent wear following load. Damage to individual sensels
can lead to erroneous contract stress and area measurements, identified from false pressure
readings during no load. This can be minimised through periodic calibration checks,
changing sensors, or replacing the erroneous sensel value with the mean of values reported
by the surrounding sensels, as has been done in previous studies [17]. This was reported
and performed in four of the included studies [33,37,38,40].

A potential factor that may affect sensor accuracy is the extent of knee disarticulation
and soft-tissue dissection. Martens et al. reported that femoral condyle osteotomy for
sensor visualisation and coronary ligament incision for sensor placement had no effect
on the TECM of the knee [55]. The minimal differences between the osteotomised joint
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and the osteotomised joint with an incised coronary ligament indicated that the ligament
does not involve the transmission of compressive loads in the joint, at least not loads that
are detectable with the range of Fujifilm used and the methods employed [55]. Even if
ligament transection were to render the meniscus unstable and alter the contact area and
pressure, the effect would be to decrease the contact area and increase the pressure, tending
to minimise the potential difference between the intact, torn, and repaired knee menisci.
However, care is required to keep the main stabilising elements of the knee, the cruciate and
collaterals, intact. Otherwise, this creates rotational instability within the knee, affecting the
pressure readings of the sensor. Only one included study incised the collateral for pressure
sensor insertion [27]. Interestingly, this was one of the very few that did not restore TFCM
following meniscal root repair.

Frequent calibration checks can minimise pressure measurement errors. Where de-
scribed, Tekscan sensor studies had specific calibration protocols. This included having a
maximum detection limit, an activation load for data collection, and tests being performed
immediately after calibration. The latter is particularly significant in optimising sensitiv-
ity for force detection [56,57]. However, the calibration process, though simple, can be
exhaustive and repetitive.

Capacitive sensors do not require re-calibration [29,32,35], and thus, they may be
more useful for complex and serial experiments where several testing conditions are under
investigation. Furthermore, capacitive sensors are shown to better conform to shaped
surfaces and have a lower detection error [58]. In addition, their higher repeatability means
they are less likely to be affected by sensor re-position compared to the Tekscan system.
However, their 1 mm dielectric thickness results in more uniform redistribution of loading,
which may not represent the actual loading of the joint being measured [12].

Fujifilm (Tokyo, Japan) is static, passive technology whereby its colour intensity is
proportional to the applied load (colour-based sensors). Pressure can be applied to the
films in one of two ways: (a) gradually increasing the pressure to the required level in
two minutes and maintaining that pressure for another two minutes, which is known as
continuous pressure, or (b) applying pressure for five seconds and maintaining pressure
for another five seconds, which is known as momentary pressure. For +10% precision, the
recommended temperature and room humidity range is 20-35°C and 35-80%, respectively.
After loading, the imprinted Fujifilm is usually photographed and imported into a cus-
tomised MATLAB programme (Mathworks, Natwick, Massachusetts) based on the optical
density of the scanned Fujifilm and a fifth-order polynomial developed from Fuji film cali-
bration data. The calibration data are provided in the manufacturer guidelines, with each
pressure film having its own pixel values and colour density. A written coded file converts
this intensity to stress, providing an estimate of the local contact stress and area. Although
it only provides a measure of TFCM at one time under one set of circumstances [58-60],
its use with instantaneous loads can help to avoid the redistribution of fluid in articular
cartilage and, in turn, pressure distributions that occur when testing a joint with a static
load [61]. There are various ranges of films available (super low—super high), all of which
operate under different load levels to ensure pressure maps can be created without the film
becoming fully saturated. This may limit the acquisition of data based on the load applied.
However, the super-low-range film (0.5-2.5 MPa) has greater pressure resolution compared
to its counterparts [62], and Martens et al. noted a load of 1.75x body weight provides
accurate pressure maps under these circumstances [55]. This was further underlined in
the three Fujifilm studies in this review [1,28,39]. All provided appropriate pressure maps
and contact area with the super-low film at loads between 1000 and 1800 N, reflecting
the calculated target described by Martens et al. [55]. Harris et al. reported that although
Fujifilm underestimated the contact area compared to Tekscan sensors across all flexion
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angles [63], this difference was reduced with the super-low films, particularly at 1000 N, the
commonest load for biomechanical testing in this review. However, its relatively lower level
of accuracy is suggestive in the use of the alternative sensors described. Yet despite this,
underestimation of TFCM with Fujifilm occurred across all testing conditions, therefore
minimising the potential difference between the intact, torn, and repaired meniscal root.
In fact, all three studies showed similar conclusions to those of Tekscan and capacitive
sensors [1,28,39], whereby they detected TFCM to restore to the intact state following root
repair. In this context, super-low Fujifilm, both cheap and readily accessible, may be a
viable alternative to the more desirable options in situations where simpler, more static,
and preliminary experiments are undertaken.

Limitations

This review is not without limitations. The presence of a variety of surgical techniques,
loading cycles, and performance loads may have altered the true TFCM and its detection
by the sensors, thereby confounding the biomechanical outcomes. However, similar conclu-
sions in many of the included studies suggest these effects were minimal. Furthermore, we
included porcine knees, which do not represent the consequences of a posterior meniscal
root tear and repair to that of a human knee. Nevertheless, they are considered a valid al-
ternative in the orthopaedic field, especially for meniscal root studies, due to the analogous
function between the model and the anatomy of the human knee with persistent material
properties [14,64,65]. Thus, their structural and mechanical properties were unlikely to
have affected the pressure sensors. Finally, as all were time-zero studies, the pressure
sensors could not accurately reflect the true behaviour of the meniscus, particularly once it
has healed. Care should therefore be taken to extrapolate such findings in clinical practice,
particularly as the sensors do not account for biological factors such as soft-tissue status,
muscle contractions, proprioception, healing, and cartilage status. However, this limitation
is more in keeping with the study’s methodological design than the sensor itself. There
is no study to date comparing the common sensors described in this review on posterior
meniscal root tears. Whilst one study in knee arthroplasty has compared Tekscan and Fuji-
film [63], demonstrating more reliable and reproducible measurements with the Tekscan
system, it is likely these results would correlate in root repair experiments. However, this
requires further investigation to truly identify their differences in performance comparison
to select the most suitable sensor.

Whilst most of the studies (21 out of 24) showed root repair to restore TFCM to that of
the intact state, none were able to provide an analysis regarding how the repair directly
influences the way the sensor collects the data. This requires further exploration.

The effect these laboratory data have on clinical implications is yet to be explored.
Whilst wearable inertial measurement units and force-sensing sensors are used in practice
to estimate joint kinematics and reaction force [66,67], introducing Tekscan, Fujifilm, or
capacitive sensors within a real-life knee joint for dynamic simulation and loading is prac-
tically impossible. However, from a biomechanical perspective, the sensors do indirectly
provide surgeons with evidence to argue for or against performing such repair techniques
in clinical practice, particularly as the overall certainty of evidence from this review is high.

Further limitations are that majority of the studies did not provide in-depth analysis
regarding how the sensors were able to detect pressure gradients, the computing of contact
force, and the movement of the centre of pressure in flexion. Although this may have been
beyond the scope of description for each individual study, such information would provide
the reader an idea of the simplicity or complexity of the mathematical algorithm and coding
sequences required to provide outcome data for the tibiofemoral contact mechanics.
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5. Conclusions

Piezoresistive Tekscan and digital capacitive sensors are preferred for the collection of
data during dynamic simulation of joint movements in intact, torn, and repaired posterior
meniscal roots. Understanding the potential factors that influence such variables may
improve accuracy, area, and pressure distribution measurements. The colour-based Fujifilm
sensor is a passive technology that is ideal in simpler experiments with fewer cycles of load
application.
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bias), D3: bias in classification of interventions (information bias), D4: bias due to deviations from
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Abbreviations

The following abbreviations are used in this manuscript:

ACLR anterior cruciate ligament reconstruction
ATPR anatomical transtibial pull-through repair
HCT horizontal cleavage tear

LFC lateral femoral condyle

LM lateral meniscus

LMPHT lateral meniscus posterior horn tear
LMPRT lateral meniscus posterior root tear
MAT meniscal allograft transplantation
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MCL medial collateral ligament
MEC medial femoral condyle
MFL meniscofemoral ligament
MTM materials testing machine
MM medial meniscus

MMA modified Mason—-Allen

MMPH  medial meniscus posterior horn

MMPRT  medial meniscus posterior root tear

MTL meniscotibial ligament

NATPR  non-anatomic transtibial pull-through repair
OWHTO open-wedge high tibial osteotomy

PCL posterior cruciate ligament

PMMA  polymethylmethacrylate

PMRT posterior meniscus root tear

PRISMA  Preferred Reporting Items for Systematic Review and Meta-Analyses
SAR suture anchor repair

TFCM tibiofemoral contact mechanics

TPR transtibial pull-through repair

TSS two simple stitch

References

1.

10.

11.

12.

13.

14.

Allaire, R.; Muriuki, M.; Gilbertson, L.; Harner, C.D. Biomechanical consequences of a tear of the posterior root of the medial
meniscus: Similar to total meniscectomy. J. Bone Jt. Surg. Am. 2008, 90, 1922-1931. [CrossRef] [PubMed]

Hein, C.N.; Gurske-Deperio, J.; Ehrensberger, M.T.; Marzo, ].M. Effects of medial meniscal posterior horn avulsion and repair on
meniscal displacement. Knee 2011, 18, 189-192. [CrossRef] [PubMed]

Marzo, ].M.; Gurske-DePerio, J. Effects of medial meniscus posterior horn avulsion and repair on tibiofemoral contact area and
peak contact pressure with clinical implications. Am. |. Sports Med. 2009, 37, 124-129. [CrossRef]

Fairbank, T. Knee joint changes after meniscectomy. J. Bone Jt. Surg. Br. Vol. 1948, 30, 664—670. [CrossRef]

Hunter, D.J.; Zhang, Y.Q.; Niu, ].B.; Tu, X.; Amin, S.; Clancy, M.; Guermazi, A.; Grigorian, M.; Gale, D.; Felson, D.T. The association
of meniscal pathologic changes with cartilage loss in symptomatic knee osteoarthritis. Arthritis Rheum. 2006, 54, 795-801.
[CrossRef]

Moatshe, G.; Chahla, J.; Slette, E.; Engebretsen, L.; Laprade, R.F. Posterior meniscal root injuries. Acta Orthop. 2016, 87, 452-458.
[CrossRef] [PubMed]

Feucht, M.].; Grande, E.; Brunhuber, J.; Rosenstiel, N.; Burgkart, R.; Imhoff, A.B.; Braun, S. Biomechanical evaluation of different
suture materials for arthroscopic transtibial pull-out repair of posterior meniscus root tears. Knee Surg. Sports Traumatol. Arthrosc.
2015, 23, 132-139. [CrossRef]

Bhatia, S.; LaPrade, C.M.; Ellman, M.B.; LaPrade, R.F. Meniscal root tears: Significance, diagnosis, and treatment. Am. J. Sports
Med. 2014, 42, 3016-3030. [CrossRef]

Furumatsu, T.; Kodama, Y.; Kamatsuki, Y.; Hino, T.; Okazaki, Y.; Ozaki, T. Meniscal extrusion progresses shortly after the medial
meniscus posterior root tear. Knee Surg. Relat. Res. 2017, 29, 295-301. [CrossRef]

Frank, ] M.; Moatshe, G.; Brady, A.W.; Dornan, G.J.; Coggins, A.; Muckenhirn, K.J.; Slette, E.L.; Mikula, ].D.; LaPrade, R.F. Lateral
meniscus posterior root and meniscofemoral ligaments as stabilizing structures in the ACL-deficient knee: A biomechanical study.
Orthop. |. Sports Med. 2017, 5, 2325967117695756. [CrossRef]

Krych, A.J.; Bernard, C.D.; Kennedy, N.I; Tagliero, A.].; Camp, C.L.; Levy, B.A,; Stuart, M.]. Medial versus lateral meniscus root
tears: Is there a difference in injury presentation, treatment decisions, and surgical repair outcomes? Arthrosc. J. Arthrosc. Relat.
Surg. 2020, 36, 1135-1141. [CrossRef] [PubMed]

Martinelli, L.; Hurschler, C.; Rosenbaum, D. Comparison of capacitive versus resistive joint contact stress sensors. Clin. Orthop.
Relat. Res. 2006, 447, 214-220. [CrossRef] [PubMed]

Becher, C.; Huber, R.; Thermann, H.; Paessler, H.-H.; Skrbensky, G. Effects of a contoured articular prosthetic device on tibiofemoral
peak contact pressure: A biomechanical study. Knee Surg. Sports Traumatol. Arthrosc. 2008, 16, 56-63. [CrossRef] [PubMed]
Flanigan, D.C.; Harris, ].D.; Brockmeier, PM.; Siston, R.A. The effects of lesion size and location on subchondral bone contact in
experimental knee articular cartilage defects in a bovine model. Arthrosc. ]. Arthrosc. Relat. Surg. 2010, 26, 1655-1661. [CrossRef]


https://doi.org/10.2106/JBJS.G.00748
https://www.ncbi.nlm.nih.gov/pubmed/18762653
https://doi.org/10.1016/j.knee.2010.04.006
https://www.ncbi.nlm.nih.gov/pubmed/20684881
https://doi.org/10.1177/0363546508323254
https://doi.org/10.1302/0301-620X.30B4.664
https://doi.org/10.1002/art.21724
https://doi.org/10.1080/17453674.2016.1202945
https://www.ncbi.nlm.nih.gov/pubmed/27347730
https://doi.org/10.1007/s00167-013-2656-z
https://doi.org/10.1177/0363546514524162
https://doi.org/10.5792/ksrr.17.027
https://doi.org/10.1177/2325967117695756
https://doi.org/10.1016/j.arthro.2019.11.098
https://www.ncbi.nlm.nih.gov/pubmed/31973989
https://doi.org/10.1097/01.blo.0000218730.59838.6a
https://www.ncbi.nlm.nih.gov/pubmed/16672899
https://doi.org/10.1007/s00167-007-0416-7
https://www.ncbi.nlm.nih.gov/pubmed/17934718
https://doi.org/10.1016/j.arthro.2010.05.017

Sensors 2025, 25, 1507 24 of 26

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Hofer, ].K.; Gejo, R.; McGarry, M.H.; Lee, T.Q. Effects of kneeling on tibiofemoral contact pressure and area in posterior
cruciate-retaining and posterior cruciate-sacrificing total knee arthroplasty. J. Arthroplast. 2012, 27, 620-624. [CrossRef]

Kock, N.B.; Smolders, ].M.; van Susante, J.L.; Buma, P.; van Kampen, A.; Verdonschot, N. A cadaveric analysis of contact stress
restoration after osteochondral transplantation of a cylindrical cartilage defect. Knee Surg. Sports Traumatol. Arthrosc. 2008, 16,
461-468. [CrossRef]

Lee, S.J.; Aadalen, K.J.; Malaviya, P.; Lorenz, E.P; Hayden, ] K; Farr, ].; Kang, R.W.; Cole, B.]. Tibiofemoral contact mechanics after
serial medial meniscectomies in the human cadaveric knee. Am. J. Sports Med. 2006, 34, 1334-1344. [CrossRef]

Ohori, T.; Mae, T.; Shino, K.; Fujie, H.; Hirose, T.; Tachibana, Y.; Yoshikawa, H.; Nakata, K. Different effects of the lateral meniscus
complete radial tear on the load distribution and transmission functions depending on the tear site. Knee Surg. Sports Traumatol.
Arthrosc. 2021, 29, 342-351. [CrossRef]

Ostermeier, S.; Holst, M.; Hurschler, C.; Windhagen, H.; Stukenborg-Colsman, C. Dynamic measurement of patellofemoral
kinematics and contact pressure after lateral retinacular release: An in vitro study. Knee Surg. Sports Traumatol. Arthrosc. 2007, 15,
547-554. [CrossRef]

Prisk, V.R.; Imhauser, C.W.; O’Loughlin, PE; Kennedy, J.G. Lateral ligament repair and reconstruction restore neither contact
mechanics of the ankle joint nor motion patterns of the hindfoot. J. Bone Jt. Surg. Am. 2010, 92, 2375-2386. [CrossRef]

Seo, ].H,; Li, G.; Shetty, G.M.; Kim, ].H.; Bae, ]. H.; Jo, M.L.; Kim, J.S.; Lee, S.J.; Nha, K.W. Effect of repair of radial tears at the root
of the posterior horn of the medial meniscus with the pullout suture technique: A biomechanical study using porcine knees.
Arthrosc. |. Arthrosc. Relat. Surg. 2009, 25, 1281-1287. [CrossRef]

von Lewinski, G.; Hurschler, C.; Allmann, C.; Wirth, C.J. The influence of pre-tensioning of meniscal transplants on the
tibiofemoral contact area. Knee Surg. Sports Traumatol. Arthrosc. 2006, 14, 425-436. [CrossRef]

Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrow, C.; Getzsche, P.C.; Ioannidis, J.P.; Clarke, M.; Devereaux, PJ.; Kleijnen, J.; Moher, D.
The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions:
Explanation and elaboration. Bmij 2009, 339, b2700. [CrossRef] [PubMed]

Slim, K.; Nini, E.; Forestier, D.; Kwiatkowski, F.; Panis, Y.; Chipponi, J. Methodological index for non-randomized studies (minors):
Development and validation of a new instrument. ANZ J. Surg. 2003, 73, 712-716. [CrossRef] [PubMed]

Sterne, J.A.; Herndn, M.A.; Reeves, B.C.; Savovi¢, J.; Berkman, N.D.; Viswanathan, M.; Henry, D.; Altman, D.G.; Ansari, M.T,;
Boutron, I.; et al. ROBINS-I: A tool for assessing risk of bias in non-randomised studies of interventions. BMJ 2016, 355, i4919.
[CrossRef] [PubMed]

Brignardello-Petersen, R.; Guyatt, G.H. Assessing the Certainty of the Evidence in Systematic Reviews: Importance, Process, and
Use. Am. . Epidemiol. 2024, 31, kwae332. [CrossRef]

Amano, Y.; Ozeki, N.; Matsuda, J.; Nakamura, T.; Nakagawa, Y.; Sekiya, I.; Koga, H. Augmentation of a Nonanatomical Repair of
a Medial Meniscus Posterior Root Tear with Centralization Using Three Knotless Anchors May Be Associated with Less Meniscal
Extrusion and Better Compressive Load Distribution in Mid-Flexion Compared with Non-Anatomical Root Repair Alone in a
Porcine Knee Model. Arthrosc. ]. Arthrosc. Relat. Surg. 2023, 39, 2487-2498.

Baratz, M.E.; Fu, FH.; Mengato, R. Meniscal tears: The effect of meniscectomy and of repair on intraarticular contact areas and
stress in the human knee. A preliminary report. Am. J. Sports Med. 1986, 14, 270-275. [CrossRef]

Chung, K.S.; Choi, C.H.; Bae, T.S.; Ha, ].K,; Jun, D.J.; Wang, ].H.; Kim, ].G. Comparison of Tibiofemoral Contact Mechanics After
Various Transtibial and All-inside Fixation Techniques for Medial Meniscus Posterior Root Radial Tears in a Porcine Model.
Arthrosc. ]. Arthrosc. Relat. Surg. 2018, 34, 1060-1068. [CrossRef]

Daney, B.T.; Aman, Z.S.; Krob, J.J.; Storaci, HW.; Brady, A.W.; Nakama, G.; Dornan, G.J.; Provencher, M.T.; LaPrade, R.F.
Utilization of Transtibial Centralization Suture Best Minimizes Extrusion and Restores Tibiofemoral Contact Mechanics for
Anatomic Medial Meniscal Root Repairs in A Cadaveric Model. Am. J. Sports Med. 2019, 47, 1591-1600. [CrossRef]

Doan, K.; Dey Hazra, M.E.D.; Brown, J.R.; Hollenbeck, ].EM.; Dey Hazra, R.O.; Johnson, D.; Fossum, B.; Vidal, A. Biomechanical
Analysis of Meniscotibial Ligament Tenodesis to Treat Meniscal Extrusion in the Setting of Posterior Medial Meniscus Root Repair.
Am. ]. Sports Med. 2023, 51, 3204-3210. [CrossRef] [PubMed]

Forkel, P.; Herbort, M.; Sprenker, F.; Metzlaff, S.; Raschke, M.; Peterson, W. The Biomechanical Effect of a Lateral Meniscus
Posterior Root Tear with and Without Damage to the Meniscofemoral Ligament: Efficacy of Different Repair Techniques. Arthrosc.
J. Arthrosc. Relat. Surg. 2014, 30, 833-840. [CrossRef]

Geeslin, A.G.; Civitarese, D.; Turnbull, T.L.; Dornan, G.J.; Fuso, F.A.; LaPrade, R.F. Influence of lateral meniscal posterior root
avulsions and the meniscofemoral ligaments on tibiofemoral contact mechanics. Knee Surg. Sports Traumatol. Arthrosc. 2016, 24,
1469-1477. [CrossRef]

Gupta, A.; Sanchez, M.; Storaci, H.W.; Rohde, M.S.; Sherman, S.L.; Shea, K.G. Transtibial Repair of Lateral Meniscus Posterior
Root Tears Improves Contact Biomechanics in Pediatric Cadavers. Arthrosc. Sports Med. Rehabil. 2022, 4, E2011-E2018. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.arth.2011.07.011
https://doi.org/10.1007/s00167-008-0494-1
https://doi.org/10.1177/0363546506286786
https://doi.org/10.1007/s00167-020-05915-8
https://doi.org/10.1007/s00167-006-0261-0
https://doi.org/10.2106/JBJS.I.00869
https://doi.org/10.1016/j.arthro.2009.05.014
https://doi.org/10.1007/s00167-005-0704-z
https://doi.org/10.1136/bmj.b2700
https://www.ncbi.nlm.nih.gov/pubmed/19622552
https://doi.org/10.1046/j.1445-2197.2003.02748.x
https://www.ncbi.nlm.nih.gov/pubmed/12956787
https://doi.org/10.1136/bmj.i4919
https://www.ncbi.nlm.nih.gov/pubmed/27733354
https://doi.org/10.1093/aje/kwae332
https://doi.org/10.1177/036354658601400405
https://doi.org/10.1016/j.arthro.2017.09.041
https://doi.org/10.1177/0363546519844250
https://doi.org/10.1177/03635465231193961
https://www.ncbi.nlm.nih.gov/pubmed/37681550
https://doi.org/10.1016/j.arthro.2014.02.040
https://doi.org/10.1007/s00167-015-3742-1
https://doi.org/10.1016/j.asmr.2022.08.010
https://www.ncbi.nlm.nih.gov/pubmed/36579044

Sensors 2025, 25, 1507 25 of 26

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kim, J.G.; Lee, Y.S.; Bae, T.S.; Ha, ] K,; Lee, D.H.; Kim, Y.J.; Ra, H.J. Tibiofemoral contact mechanics following posterior root
of medial meniscus tear, repair, meniscectomy, and allograft transplantation. Knee Surg. Sports Traumatol. Arthrosc. 2013, 21,
2121-2125. [CrossRef] [PubMed]

Koh, J.L,; Yi, S.J.; Ren, Y.; Zimmerman, T.A.; Zhang, L.Q. Tibiofemoral Contact Mechanics with Horizontal Cleavage Tear and
Resection of the Medial Meniscus in the Human Knee. J. Bone Jt. Surg. Am. 2016, 98, 1829-1836. [CrossRef]

LaPrade, C.M.; Foad, A.; Smith, S.D.; Turnbull, T.L.; Dornan, G.J.; Engebretsen, L.; Wijdicks, C.A.; LaPrade, R.F. Biomechanical
consequences of a nonanatomic posterior medial meniscal root repair. Am. J. Sports Med. 2015, 43, 912-920. [CrossRef]

LaPrade, C.M.; Jansson, K.S.; Dornan, G.; Smith, S.D.; Wijdicks, C.A.; LaPrade, R.F. Altered tibiofemoral contact mechanics due to
lateral meniscus posterior horn root avulsions and radial tears can be restored with in situ pull-out suture repairs. J. Bone Jt. Surg.
Am. 2014, 96, 471-479. [CrossRef]

Muriuki, M.G.; Tuason, D.A.; Tucker, B.G.; Harner, C.D. Changes in tibiofemoral contact mechanics following radial split and
vertical tears of the medial meniscus an in vitro investigation of the efficacy of arthroscopic repair. J. Bone Jt. Surg. Am. 2011, 93,
1089-1095. [CrossRef]

Padalecki, J.R.; Jansson, K.S.; Smith, S.D.; Dornan, G.J.; Pierce, C.M.; Wijdicks, C.A.; Laprade, R.F. Biomechanical consequences of
a complete radial tear adjacent to the medial meniscus posterior root attachment site: In situ pull-out repair restores derangement
of joint mechanics. Am. J. Sports Med. 2014, 42, 699-707. [CrossRef]

Park, H.J.; Chang, M.].; Cho, HJ.; Hong, E.; Kim, TW.; Chang, C.B.; Bae, T.S.; Kwak, D.S.; Kang, S.B. Medial meniscus posterior
root repair restores contact pressure and contact area to its native state even after opening-wedge high tibial osteotomy: A
cadaveric biomechanical study. Arthrosc. J. Arthrosc. Relat. Surg. 2023, 39, 638—-646. [CrossRef] [PubMed]

Pasic, N.; Storaci, H.; Guzman, R.; Debaun, M.; Maruyama, M.; Hall, K; Salazar, B.P,; Dragoo, J.L. A Biomechanical Comparison
of All-Inside Versus Transtibial Meniscus Root Repair Techniques. Am. J. Sports Med. 2023, 51, 2366-2373. [CrossRef]
Perez-Blanca, A.; Espejo-Baena, A.; Trujillo, D.A.; N6voa, M.P; Espejo-Reina, A.; Lépez, C.Q.; Juanco, EE. Comparative
Biomechanical Study on Contact Alterations After Lateral Meniscus Posterior Root Avulsion, Transosseous Reinsertion, and Total
Meniscectomy. Arthrosc. |. Arthrosc. Relat. Surg. 2016, 32, 624-633. [CrossRef]

Saengpetch, N.; Noowan, S.; Boonrod, A.; Jaruwanneechai, K.; Sumanont, S.; Vijittrakarnrung, C. Comparison of medial
tibiofemoral joint mechanics between all-suture anchors and transtibial pullout technique for posterior medial meniscal root
tears. J. Orthop. Surg. Res. 2023, 18, 591. [CrossRef] [PubMed]

Saltzman, B.M.; Habet, N.A.; Rao, A.J.; Trofa, D.P,; Corpus, K.T.; Yeatts, N.C.; Odum, S.M.; Garcia, ].C.C.; Varkey, D.T.; Piasecki,
D.P; et al. Biomechanical Evaluation of an All-Inside Posterior Medial Meniscal Root Repair Technique Via Suture Fixation to the
Posterior Cruciate Ligament. Arthrosc. J. Arthrosc. Relat. Surg. 2020, 36, 2488-2497. [CrossRef] [PubMed]

Schillhammer, C.K.; Werner, EW.; Scuderi, M.G.; Cannizaro, J.P. Repair of Lateral Meniscus Posterior Horn Detachment Lesions A
Biomechanical Evaluation. Am. . Sports Med. 2012, 40, 2604-2609. [CrossRef]

Zhang, Z.7Z.; Luo, H.; Zhang, H.Z.; Zhou, Y.F; Chen, Z; Jiang, C.; Song, B.; Li, W.P. H-Plasty Repair Technique Improved
Tibiofemoral Contact Mechanics After Repair for Adjacent Radial Tears of Posterior Lateral Meniscus Root: A Biomechanical
Study. Arthrosc. ]. Arthrosc. Relat. Surg. 2021, 37, 2204-2216. [CrossRef]

Wirz, D.; Becker, R.; Li, S.F,; Friederich, N.F.,; Miiller, W. Validation of the Tekscan system for statistic and dynamic pressure
measurements of the human femorotibial joint. Biomed. Tech. Biomed. Eng. 2002, 47, 195-201. [CrossRef]

Chen, T.; Pekmezian, A.; Leatherman, E.R.; Santner, T.].; Maher, S.A. Tekscan analysis programs (TAP) for quantifying dynamic
contact mechanics. J. Biomech. 2022, 136, 111074. [CrossRef]

Wilson, D.R.; Apreleva, M.V,; Eichler, M.J.; Harrold, E.R. Accuracy and repeatability of a pressure measurement system in the
patellofemoral joint. J. Biomech. 2003, 36, 1909-1915. [CrossRef]

Jansson, K.S.; Michalski, M.P,; Smith, S.D.; LaPrade, R.F,; Wijdicks, C.A. Tekscan pressure sensor output changes in the presence
of liquid exposure. ]. Biomech. 2013, 46, 612—-614. [CrossRef]

Wang, H.; Chen, T.; Gee, A.O.; Hutchinson, 1.D.; Stoner, K.; Warren, R.F; Rodeo, S.A.; Maher, S.A. Altered regional loading
patterns on articular cartilage following meniscectomy are not fully restored by autograft meniscal transplantation. Osteoarthr.
Cartil. 2015, 23, 462-468. [CrossRef] [PubMed]

Wu, J.Z.; Herzog, W.; Epstein, M. Effects of inserting a pre-sensor film into articular joints on the actual contact mechanics.
J. Biomech. Eng. 1998, 120, 655-659. [CrossRef]

Anderson, I.A.; MacDiarmid, A.A.; Harris, M.L.; Gillies, R.M.; Phelps, R.; Walsh, W.R. A novel method for measuring medial
compartment pressures within the knee joint in-vivo. J. Biomech. 2003, 36, 1391-1395. [CrossRef] [PubMed]

Martens, T.A.; Hull, M.L.; Howell, S.M. An in vitro osteotomy method to expose the medial compartment of the human knee.
J. Biomech. Eng. 1997, 119, 379-385. [CrossRef] [PubMed]

Agins, H.J.; Harder, V.S.; Lautenschlager, E.P.; Kudrna, J.C. Effects of sterilization on the Tekscan digital pressure sensor. Med.
Eng. Phys. 2003, 25, 775-780. [CrossRef] [PubMed]


https://doi.org/10.1007/s00167-012-2182-4
https://www.ncbi.nlm.nih.gov/pubmed/22955146
https://doi.org/10.2106/JBJS.16.00214
https://doi.org/10.1177/0363546514566191
https://doi.org/10.2106/JBJS.L.01252
https://doi.org/10.2106/JBJS.I.01241
https://doi.org/10.1177/0363546513499314
https://doi.org/10.1016/j.arthro.2022.09.009
https://www.ncbi.nlm.nih.gov/pubmed/36191732
https://doi.org/10.1177/03635465231179960
https://doi.org/10.1016/j.arthro.2015.08.040
https://doi.org/10.1186/s13018-023-04071-2
https://www.ncbi.nlm.nih.gov/pubmed/37559157
https://doi.org/10.1016/j.arthro.2020.04.042
https://www.ncbi.nlm.nih.gov/pubmed/32438029
https://doi.org/10.1177/0363546512458574
https://doi.org/10.1016/j.arthro.2021.02.017
https://doi.org/10.1515/bmte.2002.47.7-8.195
https://doi.org/10.1016/j.jbiomech.2022.111074
https://doi.org/10.1016/S0021-9290(03)00105-2
https://doi.org/10.1016/j.jbiomech.2012.09.033
https://doi.org/10.1016/j.joca.2014.12.003
https://www.ncbi.nlm.nih.gov/pubmed/25498591
https://doi.org/10.1115/1.2834758
https://doi.org/10.1016/S0021-9290(03)00158-1
https://www.ncbi.nlm.nih.gov/pubmed/12893049
https://doi.org/10.1115/1.2798282
https://www.ncbi.nlm.nih.gov/pubmed/9407274
https://doi.org/10.1016/S1350-4533(03)00119-X
https://www.ncbi.nlm.nih.gov/pubmed/14519350

Sensors 2025, 25, 1507 26 of 26

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Wilharm, A.; Hurschkler, C.; Dermitas, T.; Bohnsack, M. Use of Tekscan K-scan sensors for retropatellar pressure measurement
avoiding errors during implantation and the effects of shear forces on the measurement precision. BioMed Res. Int. 2013, 829171.
[CrossRef]

Bertsch, C.; Rosenbaum, D.; Claes, L. Intra-articular and plantar pressure distribution of the ankle joint complex in relation to foot
position. Unfallchirurg 2001, 104, 426—433.

Chen, Z.; Zhang, H.; Luo, H.; Yang, R.; Zhang, Z.; Jiang, C.; Hou, J.; Zhou, Y.; Xu, Y.; Song, B.; et al. Contact mechanics after
mattress suture repair of medial meniscus vertical longitudinal tear: An in vitro study. Arch. Orthop. Trauma Surg. 2020, 140,
1221-1230. [CrossRef]

Rosenbaum, D; Eils, E.; Hillmann, A. Changes in talocrural joint contact stress characteristics after simulated rotationplasty.
J. Biomech. 2003, 36, 81-86. [CrossRef]

Cederlund, A.A.; Aspden, R. M. Walking on water: Revisiting the role of water in articular cartilage biomechanics in relation to
tissue engineering and regenerative medicine. J. R. Soc. Interface 2022, 19, 20220364. [CrossRef] [PubMed]

Liggins, A.B.; Hardie, W.R.; Finlay, J.B. The spatial and pressure resolution of fuji pressure-sensitive film. Exp. Mech. 1995, 35,
166-173. [CrossRef]

Harris, M.L.; Morberg, P; Bruce, W.J.; Walsh, W.R. An improved method for measuring tibiofemoral contact areas in total knee
arthroplasty: A comparison of K-scan sensor and Fuji film. J. Biomech. 1999, 32, 951-958. [CrossRef]

Barber, F.A.; Herbert, M.A. All-suture anchors: Biomechanical analysis of pullout strength, displacement, and failure mode.
Arthrosc. |. Arthrosc. Relat. Surg. 2017, 33, 1113-1121. [CrossRef]

Wu, S.H;; Yeh, T.T.; Hsu, W.C.; Wu, ATH,; Li, G.; Chen, C.H.; Lee, C.H.; Wu, J.L. Biomechanical comparison of four tibial fixation
techniques for meniscal root sutures in posterior medial meniscus root repair: A porcine study. J. Orthop. Transl. 2020, 24, 144-149.
[CrossRef] [PubMed]

Renggli, D.; Graf, C.; Tachatos, N.; Singh, N.; Meboldt, M.; Taylor, W.R.; Stieglitz, L.; Schmid-Daners, M. Wearable Inertial
Measurement Units for Assessing Gait in Real-World Environments. Front. Physiol. 2020, 11, 90. [CrossRef]

Crescini, D.; Sardini, E.; Serpelloni, M. Design and test of an autonomous sensor for force measurements in human knee implants.
Sens. Actuators A Phys. 2011, 166, 1-8. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1155/2013/829171
https://doi.org/10.1007/s00402-020-03428-0
https://doi.org/10.1016/S0021-9290(02)00273-7
https://doi.org/10.1098/rsif.2022.0364
https://www.ncbi.nlm.nih.gov/pubmed/35919975
https://doi.org/10.1007/BF02326476
https://doi.org/10.1016/S0021-9290(99)00072-X
https://doi.org/10.1016/j.arthro.2016.09.031
https://doi.org/10.1016/j.jot.2020.01.006
https://www.ncbi.nlm.nih.gov/pubmed/33101964
https://doi.org/10.3389/fphys.2020.00090
https://doi.org/10.1016/j.sna.2010.12.010

	Introduction 
	Methods 
	Literature Search 
	Eligibility Criteria and Outcome Measures 
	Study Selection and the Assessment of Quality of Studies 
	Data Synthesis 

	Results 
	Biomechanical Characteristics 
	Pressure Sensor Application and Insertion 

	Discussion 
	Conclusions 
	References

