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Abstract

Introduction To quantify valgus deformation and per-load mechanical stiffness of commercially available knee braces indi-
cated for medial collateral ligament (MCL) injuries, and to evaluate whether mechanical performance is associated with
material classification and qualitative stability assessment.

Materials and methods Nine knee braces identified through a national market survey were tested on a custom lower limb
mechanical surrogate under progressive valgus loading at 5.7, 11.4, and 19.4 Nm. Angular deformation was measured using
video-based motion tracking, and per-load brace stiffness (Nm/°) was computed at each load level.

Results At maximum applied torque (19.4 Nm), per-load stiffness ranged from 1.6 to 6.5 Nm/° across the nine devices — a
fourfold difference between the stiffest and most compliant brace — with median valgus deformation of 8° (range 3—12°).
In an exploratory, underpowered between-category comparison, rigid braces showed numerically higher stiffness than semi-
rigid and soft devices (g2 = 0.34-0.45); this comparison is reported for hypothesis generation only. Qualitative ratings
showed only moderate, inconsistent correlations with measured performance.

Conclusions Commercially available knee braces indicated for MCL injuries demonstrate highly variable mechanical resis-
tance to valgus deformation under standardized bench conditions. The present sample was insufficient to determine whether
material category accounts for this variability. These findings describe device-specific mechanical performance and do not
constitute evidence for or against the clinical effectiveness of MCL bracing; they underscore the need for standardized bio-
mechanical testing.

Keywords Orthoses - Joint laxity - Mechanical stiffness - Medical device regulation

Introduction and the posterior oblique ligament [1-4]. MCL injuries

are among the most common ligamentous knee injuries
The medial collateral ligament (MCL) is the primary static  in physically active individuals, with reported incidence
restraint against valgus stress at the knee, comprising three  rates of 0.24—7.3 per 1,000 person-years [5—8], occurring
distinct components: the superficial MCL, the deep MCL,
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predominantly through valgus loading or pivoting mecha-
nisms in contact sports, skiing, and tennis [5, 7, 9].

Contemporary understanding frames the medial side
of the knee as a ligament complex rather than a single
structure. The superficial MCL is the primary restraint to
valgus load, whereas the deep MCL — also termed the
anteromedial ligament — contributes predominantly to
restraint of external rotation, and the posterior oblique liga-
ment becomes increasingly important for posteromedial
stability in extension [2, 10, 11]. Dynamic stabilisation is
provided by the semimembranosus and its capsular expan-
sions. Because these structures act synergistically, medial
instability extends beyond isolated coronal valgus laxity to
encompass anteromedial and posteromedial rotational com-
ponents, and residual medial insufficiency increases strain
on the anterior cruciate ligament and on ACL grafts [2, 12].
Current diagnostic and therapeutic algorithms therefore
increasingly address rotational instability patterns rather
than isolated valgus laxity. The present study characterises
resistance to a single mechanical constraint within this com-
plex — static valgus restraint, provided principally by the
superficial MCL — and does not address the rotational or
dynamic contributions of the remaining structures.

Non-operative management is the standard approach for
most MCL injuries given the ligament’s inherent healing
capacity [3, 9, 13]. Injuries are graded from I to III accord-
ing to the Hughston classification [3, 14], with Grade II
and III injuries commonly treated with hinged knee brac-
ing [9, 13, 15-17]. Surgical intervention is reserved for dis-
placed Grade III injuries, combined ligamentous injury, or
persistent instability [12, 18]. Despite widespread clinical
use, biomechanical studies have consistently demonstrated
high variability in brace performance. Carlson and French
reported an eightfold variation in stiffness across 11 braces
(0.9-7.2 Nm/°) [19], while earlier cadaveric and benchtop
work established that knee braces failed to consistently pro-
tect the MCL under valgus loading [20-22]. More recent
comparative testing has confirmed marked between-device
variability [23, 24]. Across nearly four decades of litera-
ture, no consensus mechanical-performance standard has
emerged; brace effectiveness for MCL injuries has been
rated as “very low” quality evidence [25], and the absence
of standardised preclinical testing methods has been identi-
fied as a major regulatory gap in the peer-reviewed ortho-
paedic-device literature [26], within coverage and clearance
frameworks that do not mandate such testing [15, 27].

The primary aim of this study was to quantify valgus
angular deformation and per-load brace stiffness in com-
mercially available knee braces indicated for MCL injury
management under a standardised loading protocol. Sec-
ondary, exploratory aims were to assess the association
between mechanical performance and qualitative clinical
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assessment, material classification, and load-dependent
behaviour; given the limited number of eligible devices,
these secondary analyses are hypothesis-generating rather
than confirmatory.

Materials and methods
Study design and experimental setup

A custom lower limb model was constructed to evalu-
ate brace resistance to valgus deformation in isolation
from other knee stabilisers, using the right leg of the sec-
ond author (M.S.) as a geometric template. A single, fixed
geometry was adopted deliberately: because every device
was tested on identical dimensions, differences in measured
deformation are attributable to the brace rather than to inter-
limb variation, which would otherwise confound the com-
parison; the segment dimensions used fall within the range
of published adult anthropometric data. The model delib-
erately omitted cruciate ligaments, menisci, capsular struc-
tures, and dynamic muscular control to isolate the brace’s
mechanical contribution. Closed-cell polyethylene foam
(Plastazote®, Zotefoams, Croydon, UK) simulated soft tis-
sue elasticity. The model had a total length of 101.5 cm,
with a tibial lever arm of 46.5 cm from the hinge centre to
the point of load application (Fig. 1a).

The knee joint was replaced by a single-degree-of-free-
dom hinge with an open medial compartment, permitting
rotation only in the coronal plane, to simulate complete
MCL rupture. The femoral segment was mounted on an
aluminium cylinder for mechanical stability. Unbraced and
braced configurations are shown in Fig. 1b and c.

Deformation under load was recorded with a stationary
4 K camcorder (Panasonic HC-VX3; Panasonic, Osaka,
Japan) recording at 30 frames per second, aligned orthogo-
nally to the coronal plane of the model; orthogonality and
inter-landmark distances were verified using a laser mea-
sure (Bosch Professional GLM 40-31; Bosch, Germany);
the assembled configuration is shown photographically,
with and without the superimposed angular measurement,
in Supplementary Fig. S1. Brace position on the model was
monitored throughout loading, and no slippage or migration
of any device was observed. Controlled valgus torques of
5.7, 11.4, and 19.4 Nm were applied via suspended masses
of 1.25, 2.5, and 4.25 kg at the defined lever arm, corre-
sponding to clinically relevant loading conditions [28, 29].
These torques (calculated as T =F x d) were chosen to span
and slightly exceed the range over which comparable ortho-
sis testing has historically been performed, permitting direct
comparison with previously reported stiffness values [19],
and lie well below the failure thresholds of the intact medial
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Fig. 1 Schematic of the custom lower-limb model and experimental
setup. a Aluminium tube framework with wooden knee-joint blocks,
illustrating the 46.5 cm lever arm from the joint axis to the point of load
application and the open medial compartment representing the simu-
lated complete MCL deficiency; the three standardized masses (1.25,
2.5 and 4.25 kg) applied to generate the valgus torques are shown. b
Lower-limb model with the polyethylene foam sleeve mounted on the
framework. ¢ Knee brace mounted on the leg model. d Magnified view
during loaded testing (2.5 kg) showing the coordinate-based angular
measurement obtained in Kinovea; valgus deformation is quantified as
the change in the tibiofemoral angle relative to the unloaded baseline.
A photograph of the assembled setup, with and without the superim-
posed measurement, is provided in Supplementary Fig. S1

complex; the protocol therefore characterises brace behav-
iour in the sub-injury range.

Valgus deformation was defined as the change in tibio-
femoral angle relative to the unloaded baseline, measured
from three digitised landmark angles per test (Fig. 1d) using
Kinovea 0.9.5 (open source). Each landmark angle was
defined by three tracked points with the vertex at the middle
point and computed from the tracked segment vectors as the
difference of their orientations (arctan2 formulation) with
wrap-around correction. The three angles corresponded
to the central mechanical axis, the proximal/medial com-
ponent, and the distal/lateral component. For each loading

condition, the angle was read at the corresponding key-frame
relative to the unloaded baseline and averaged across three
repeated trials; between trials the brace was removed and
re-donned and strap tension re-applied by the same operator,
so that the repeated measurements capture re-application
variability. Key-frame readings were verified against the
source video and corrected where an isolated single-frame
extraction error was identified. For each brace, the maxi-
mum deformation across the three angles was retained; the
reported value for each brace and load level is therefore the
mean across the three repeated trials at the landmark angle
yielding maximum deformation. Because valgus deforma-
tion cannot decrease as applied torque increases, reported
values were additionally constrained to be non-decreasing
across the three load levels; this constraint was binding
in two of 27 cells (SofTec Genu and MOS Genu at 19.4
Nm), in which the mean at maximum applied torque did not
exceed the value recorded at the intermediate torque. Final
values were rounded to the nearest integer degree, as sub-
degree precision exceeds both the resolution of video-based
measurement and clinical detectability.

Brace selection and characteristics

A total of 20 braces from 10 manufacturers were identi-
fied through a national market survey in collaboration with
a local orthotics team. Devices were selected for biome-
chanical testing to be size-compatible with the standardised
model, to cover all three material categories, to be available
as new, unused specimens, and to reflect the braces most
frequently prescribed for MCL injuries in the collaborat-
ing regional practice (Table 1). Nine devices met these
criteria and were analysed. Tested and non-tested devices
did not differ significantly across the recorded character-
istics (weight, length, price, and lockability; all p > 0.05),
and manufacturer specifications for all 20 devices are pro-
vided in Supplementary Table S1. Braces were classified by
application method (wrap-around or pull-on) and by frame
material: rigid (aluminium, carbon-reinforced), semi-rigid
(polymer, composite, hybrid), or soft (elastic, foam-textile,
knit). Both classifications were determined prior to testing.
Qualitative stiffness was rated independently by three of
the authors (E.P., M.S., M.J.), blinded to the mechanical-
test results and to one another’s ratings, using a five-point
Likert-type scale [30] (1 = very unstable, 5 = very stable);
majority rating was adopted, with consensus discussion
where all three ratings differed.

Brace stiffness and load-response characteristics

Per-load brace stiffness (k, Nm/°) was calculated as applied
torque divided by measured angular deformation at each

@ Springer
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load level, consistent with established reporting conventions
[19]. Stiffness at maximum torque (19.4 Nm) was catego-
rised descriptively as low (k <2 Nm/°), moderate (2 <k <
4), or high (k > 4). Load-dependent behaviour was assessed
using the Progressive Deformation Ratio (PDR), defined
as deformation at 19.4 Nm divided by deformation at 5.7
Nm. The ratio of the corresponding torques (3.4) served as a
descriptive threshold: PDR < 3.4 indicates progressive stiff-
ening; PDR > 3.4 indicates progressive compliance.

Model scope and validation status

The surrogate was not validated against cadaveric speci-
mens, was not calibrated against stress-radiographic mea-
surements of physiological valgus laxity [31, 32], and was
not intended to reproduce the behaviour of an MCL-defi-
cient human knee. Its purpose is comparative rather than
representational: identical geometry, applied torques, and
imaging plane across all devices ensure that differences in
measured deformation reflect the devices themselves. The
model therefore supports rank-ordering and quantification
of brace-specific static valgus restraint under standard-
ized conditions, but does not support inference regarding
in-vivo laxity, the behaviour of the medial ligament com-
plex as a whole, or clinical efficacy. Testing was performed
in full extension — the position in which these braces are
applied during early protected mobilisation and in which
their frames are designed to resist valgus load. Because
the surrogate permits coronal-plane motion only, introduc-
ing flexion without rotation would correspond to no clini-
cal examination position and was therefore not undertaken.
Clinical assessment of the superficial and deep MCL is con-
ventionally performed at 20—30° of flexion to isolate their
contributions [2]; the present setup does not correspond to
that position, and flexion-dependent brace behaviour was
neither assessed nor can be inferred from these data.

Statistical analysis

Descriptive statistics were reported as median, IQR, and
range for continuous variables, and as counts and propor-
tions for categorical data. No a priori sample-size calcu-
lation was performed; the sample was determined by the
number of eligible devices available on the national market
rather than by a power computation. Although inferential
group comparisons were performed, the limited number of
available devices rendered these analyses underpowered.
They should therefore be interpreted as exploratory and
hypothesis-generating. Non-parametric Wilcoxon rank-
sum tests and Kruskal-Wallis tests were used for group
comparisons of continuous variables and Fisher’s exact
test for dichotomous variables, and correlations between

continuous variables were assessed using Spearman’s rank
correlation coefficient. A sensitivity analysis indicated that,
at the realised category sizes, the achieved power of the
three-group comparison was below 10%, and that approxi-
mately eight devices per category (=24 in total) would be
required for 80% power at a=0.05; a true difference of the
magnitude implied by the observed effect sizes would there-
fore be unlikely to reach significance in this sample. These
comparisons are consequently interpreted as preliminary
evidence requiring validation in a larger sample, and non-
significant results are not read as evidence of absence of
an effect. Effect sizes for group comparisons are reported
as epsilon-squared (€?) to inform sample-size planning for
future work; at n=9 they carry wide uncertainty and are not
interpreted as evidence of a true underlying effect. Within-
brace measurement reproducibility was characterized across
the three repeated re-donned trials per load level, computed
at the landmark angle yielding maximum deformation. All
tests were two-sided; p<0.05 was considered statistically
significant. Statistical analyses were performed using R ver-
sion 4.4.0 (R Foundation for Statistical Computing, Vienna,
Austria).

Results
Valgus angular deformation under progressive load

Across all braces, valgus angular deformation increased
progressively with applied torque. At the lowest level (5.7
Nm), median deformation was 3° (IQR 2—4°; range 1-5°);
at 11.4 Nm, 7° (IQR 4-7°; range 3—8°); and at the maximum
applied torque (19.4 Nm), median deformation reached 8°
(IQR 5-10°; range 3—12°), demonstrating substantial inter-
device variability. A fourfold difference in deformation was
observed between the best- and worst-performing braces at
maximum load.

Measurement reproducibility differed markedly between
devices. Across repeated trials at the landmark angle yield-
ing maximum deformation, the median within-brace stan-
dard deviation was below 1° (IQR 0.4—1.7°), and five of the
nine devices remained below 1.5° at every load level. Three
cells showed substantially wider trial-to-trial spread, as the
per-cell summaries in Table 2 show directly: the Genudyn
CI at 11.4 and 19.4 Nm and the Genu Arexa / 50K14 at
11.4 Nm each spanned more than 4° across the three trials.
Because the brace was removed, re-donned and re-tensioned
by the same operator between trials, and because no slip-
page was observed within any individual trial, this spread
reflects sensitivity of the device to re-application rather than
instrument error; it is therefore reported per cell rather than
pooled, so that device-specific fitting sensitivity remains

@ Springer
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visible and the reported values for these devices can be
interpreted with correspondingly greater uncertainty. Indi-
vidual brace deformation values are summarized in Table 2
and illustrated in Fig. 2.

Rank ordering was broadly but not fully preserved across
load levels. Two devices changed position substantially: the
Pavis Knee Brace and the Genu Arexa / 50K 14 were among
the least deformable devices at 5.7 Nm (2° and 3°, respec-
tively) yet among the most deformable at 19.4 Nm (10° and
12°), whereas the DonJoy Functional showed the opposite
pattern.

In an exploratory between-category comparison, rigid
braces showed numerically lower deformation than the
other categories across all load levels: at maximum applied
torque, rigid braces demonstrated the lowest median defor-
mation (4°; individual values 3° and 5°; n=2), followed by
semi-rigid (10° IQR 5-12°; range 5-12°; n=5) and soft
braces (9°; individual values 8° and 10°; n=2). Differences
between material categories did not reach statistical sig-
nificance at any load level (Kruskal-Wallis p>0.15), with
large effect sizes (2 = 0.34-0.45); given the achieved power
below 10%, these effect sizes are reported as sample-size
planning inputs and are not interpreted as evidence of a true
category difference. Within-category variability was most

12 1

10 -

Mean deformation [°]
o

pronounced among semi-rigid braces, whose individual
deformation values spanned the full range of results.

Application method was compared descriptively between
wrap-around (n=4) and pull-on (n=5) devices. Median
deformation was lower among wrap-around braces at every
load level, but the two subgroups overlapped across almost
the entire range of measured values. At 5.7 Nm: median
2.5° (IQR 1.8-3.0°; range 1-3°) versus 4.0° (IQR 3.0-4.0°;
range 2-5°); at 11.4 Nm: 3.5° (IQR 3.0-4.8°; range 3-7°)
versus 7.0° (IQR 7.0-8.0°; range 5-8°); at 19.4 Nm: 5.0°
(IQR 4.5-6.8°; range 3—12°) versus 10.0° (IQR 8.0-10.0°;
range 5-12°). At maximum applied torque the wrap-around
range therefore spanned the full range of results observed in
the study, as the device with the largest deformation (Genu
Arexa / 50K 14, 12°) is a wrap-around design; conversely,
the lowest deformation recorded among pull-on devices
(5°) matched that of two wrap-around devices. Differences
between application methods did not reach statistical sig-
nificance at any load level (all p>0.05). Application method
alone therefore did not separate devices by mechanical per-
formance in this sample.

Soft Brace
= Pavis
SofTec Genu
Semi-Rigid Brace
Genudyn Cl
Ottobock
SecuTec Flex
= = Donjoy
= = QOrthoteam
Rigid Brace
ADVAGO
m— MOS Genu

0.00 5.7 11.4
Applied Load [Nm]

Fig. 2 Valgus angular deformation across loading conditions for each
tested knee brace. Bars represent the reported deformation value at
each load level (5.7 Nm, 11.4 Nm, 19.4 Nm) per brace, as given in

Table 2. Bars are color-coded and line-coded by brace and material
category (rigid, semi-rigid, soft)
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Brace stiffness and load-response characteristics

Per-load brace stiffness varied substantially across devices
and load levels. At 5.7 Nm, median stiffness was 1.9 Nm/°
(IQR 1.4-2.9; range 1.1-5.7); at 11.4 Nm, 1.6 Nm/° (IQR
1.6-2.9; range 1.4-3.8); and at the maximum applied torque
(19.4 Nm), 2.4 Nm/° (IQR 1.9-3.9; range 1.6-6.5). The
observed range at maximum applied torque is consistent
with the 0.9—7.2 Nm/° range previously reported by Carlson
and French across 11 designs [19]. Of the nine braces, one
corresponded to high stiffness (k >4 Nm/° at 19.4 Nm), four
to moderate, and four to low. Rigid braces demonstrated the
highest stiffness at maximum applied torque (median 5.2
Nm/°; individual values 3.9 and 6.5; n = 2), followed by
semi-rigid (median 1.9 Nm/°; range 1.6-3.9; n =5) and soft
braces (median 2.2 Nm/°; individual values 1.9 and 2.4; n
= 2); these differences corresponded to large effect sizes
(€2 = 0.34-0.45) but did not reach statistical significance
(Kruskal-Wallis p > 0.15) and are, as above, interpreted as
exploratory.

PDR ranged from 1.2 to 5.0 (median 2.7). Seven braces
exhibited progressive stiffening behaviour (PDR<3.4),

(PDR>3.4), the soft Pavis Knee Brace and the semi-rigid
Genu Arexa / 50K 14, both of which were among the devices
with the largest deformation magnitudes at maximum
applied torque. As no device slippage was observed during
testing, this progressive compliance is attributable to intrin-
sic load-dependent behaviour — plausibly progressive give
at the strap or hinge interface and compression of the com-
pliant interface — rather than gross fitting failure; PDR is
reported as a descriptive index only. Per-brace stiffness and
PDR values are reported in Table 2 and illustrated in Fig. 3.

Consistency of mechanical performance across load
levels

Spearman correlation analysis demonstrated positive cor-
relations between deformation values across load levels
(p=0.6 between 5.7 Nm and 11.4 Nm; p=0.5 between 5.7
Nm and 19.4 Nm; p=0.7 between 11.4 Nm and 19.4 Nm),
indicating moderate to strong, though incomplete, consis-
tency of rank ordering under progressive loading.

whereas two demonstrated progressive compliance
PDR = 3.4 (linear threshold) Material
@® Rigid
D, is
5 @ 2Vis Semi-rigid
® Soft
4
[a)
& 41
o
=
1]
o
=
el
S
©
£ MOS Genu
5 34 @
N2
]
() SofTec Genu
()]
>
I
wv
L
g
a 2
ADVAGO
[
1 -
T T T T T T
1 2 3 4 5 6 7
Per-load brace stiffness at 19.4 Nm (Nm/°) — higher = stiffer

Fig. 3 Mechanical behaviour classification based on per-load brace
stiffness and load-response characteristics. Higher stiffness reflects
lower valgus deformation under load. The horizontal dashed line rep-

@ Springer

resents the descriptive linear-behaviour threshold (PDR=3.4). Braces
above the line demonstrate progressive compliance; braces below
demonstrate progressive stiffening
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Fig. 4 Association between qualitative stability ratings and measured
valgus deformation across loading conditions. Qualitative stability
was assessed independently by three blinded raters using a 5-point

Inter-rater reliability of qualitative stability
assessment

Inter-rater agreement among the three independent asses-
sors was high regarding the qualitative assessment of sta-
bility. Pairwise Spearman correlation coefficients ranged
from p=0.87 to p=0.95, indicating excellent consistency.
The aggregated consensus score was used for all subsequent
analyses.

Qualitative stability ratings

Qualitative stability ratings had a median score of 3 (IQR:
2-4; range: 1-5). Rigid braces received the highest ratings
(median 4; individual values 3 and 5), followed by semi-
rigid (median 4; IQR 3-4; range 2—4), while soft braces
demonstrated lower perceived stability (median 1.5; indi-
vidual values 1 and 2).

Association between qualitative and quantitative
measures

Qualitative stability scores were positively correlated with
per-load brace stiffness across all load levels (Spearman
p=0.3 at 5.7 Nm, p=0.7 at 11.4 Nm, p=0.5 at 19.4 Nm),
with corresponding negative correlations against measured
deformation (p =—0.3, —0.7, —0.5). The association reached
statistical significance only at 11.4 Nm (p=0.03) and is
illustrated in Fig. 4.

© Semi-rigid

@ Soft

Likert-type scale (1=very unstable, 5=very stable). Spearman corre-
lation coefficients: p=—0.3 at 5.7 Nm, p=—0.7 at 11.4 Nm (p=0.03),
p=-—0.5 at 19.4 Nm. Shaded area represents 95% confidence interval

Discussion

The present study provides a standardized biomechanical
evaluation of commercially available knee braces indicated
for the treatment of MCL injuries and demonstrates several
clinically and conceptually relevant findings. Most notably,
all tested braces exhibited measurable valgus deformation
under applied torque, ranging from 3° to 12°, correspond-
ing to per-load stiffness values from 1.6 to 6.5 Nm/° at
maximum applied torque. Although substantial inter-device
variability was observed, even the best-performing brace
allowed a deformation of 3° at the maximum applied load-
ing. Whether angular deformations of this magnitude are
clinically consequential cannot be determined from a bench
model and requires in-vivo investigation.

A key result of this study is the lack of concordance
between qualitative clinical assessment and quantitative
biomechanical performance. Qualitative stability ratings
demonstrated only moderate and inconsistent correlations
with measured stiffness and deformation (|p| = 0.3 to 0.7
across load levels), reaching statistical significance at only
one of three load levels. Hands-on perception of rigidity
likely reflects overall build quality and sagittal or torsional
stiffness rather than coronal-plane valgus restraint specifi-
cally, which may account for this disconnect. This finding
indicates that subjective assessment alone cannot reliably
predict mechanical performance, supporting the need for
objective biomechanical testing, as previously suggested in
studies on knee stability assessment [23, 33, 34].

Rigid braces showed numerically lower deformation
than the other categories, but this exploratory, underpow-
ered comparison did not reach statistical significance and
should not be read as establishing a material-class effect;

@ Springer
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the substantial within-category variability — particularly
among semi-rigid braces, which spanned the full range of
results — reinforces this caution. These findings suggest
that material composition alone is insufficient to predict
mechanical behaviour, and that design features, joint archi-
tecture, and load transfer mechanisms are likely more rel-
evant determinants of brace performance, although a formal
multivariable analysis of these design features as predictors
was precluded by the present sample size and is identified
as a priority for adequately powered future studies [10, 23].

An additional descriptive observation was that median
valgus deformation was lower among wrap-around than
among pull-on designs at every load level. This difference
should not be over-interpreted: the two subgroups over-
lapped across almost the entire range of measured values,
the device with the largest deformation at maximum applied
torque was itself a wrap-around design, and the differences
did not reach statistical significance. Whether application
method influences load transfer — for example through
circumferential tightening and more uniform soft-tissue
capture, which might reduce device migration relative to
pull-on sleeves [23, 24] — cannot be resolved by the pres-
ent data and would require a purpose-designed comparison
with adequate numbers of devices in each subgroup.

These findings should also be read against contempo-
rary concepts of the medial ligament complex. Because
the model isolates coronal-plane valgus restraint, it does
not capture the contributions of the deep MCL and poste-
rior oblique ligament to rotational stability, nor the dynamic
role of the semimembranosus. A device that restrains cor-
onal valgus may or may not restrain anteromedial or pos-
teromedial rotational instability — a question the present
setup cannot address. Frame material, moreover, is a coarse
descriptor: hinge configuration, cuff length, strap geometry,
and the resulting load-transfer path plausibly exert greater
influence on valgus restraint than material class alone, an
interpretation consistent with the failure of material cate-
gory to account for the observed variability in this sample.

The clinical relevance of these findings must be inter-
preted in the context of physiological joint loading. The
applied torques (5.7-19.4 Nm) were deliberately conserva-
tive; musculoskeletal modelling estimates the knee adduc-
tion moment during level walking at approximately 40—50
Nm [28, 29], and demands increase further during stair
climbing, rehabilitation exercises, and sporting activities
[28, 29]. These estimates arise from different biomechanical
conditions and are not directly comparable to the externally
applied torques used here; they are cited solely to indicate
the order of magnitude of loading reported during physi-
ological activity. By geometric conversion, at an average
knee joint width of 60 mm, 1° of valgus deformation corre-
sponds to approximately 1 mm of medial joint line opening

@ Springer

[35]. Even the minimum observed deformation of 3° thus
corresponds to approximately 3 mm of medial opening in
the absence of ligamentous restraint — a magnitude con-
sistent with cadaveric reports of complete MCL disruption
on stress radiography [31, 32]. At the upper end, the 12°
deformation of the worst-performing brace corresponds to
approximately 12 mm of opening, consistent with severe
ligamentous instability. Whether such mechanical laxity
translates into adverse clinical outcomes warrants further
prospective investigation [9, 11]. We do not propose a clini-
cally acceptable threshold of valgus laxity; the geometric
and cadaveric comparisons serve only to scale the measured
deformations, and the present findings constitute a mechani-
cal characterisation without clinical validation.

Objective, device-level mechanical data of this kind
remain limited in the literature yet would be required inputs
for any rigorous clinical comparison of bracing strategies.
The present findings supply such data but do not them-
selves constitute clinical evidence: they neither support nor
question the clinical effectiveness of MCL bracing, which
remains supported only by low-quality evidence [16, 25, 36]
and must be established through prospective clinical study.

Several limitations should be acknowledged. The sim-
plified mechanical model deliberately omitted the cruciate
ligaments, menisci, capsular structures, and active muscu-
lature to isolate the brace’s mechanical contribution, but
this precludes direct extrapolation to the MCL-deficient
knee in vivo. Because the model isolates the brace as the
sole coronal-plane restraint, the protocol represents a worst-
case condition that maximises the mechanical demand on
the device; in the intact or partially intact knee, second-
ary restraints would share the valgus load and absolute
deformation would be smaller. Findings should therefore
be interpreted as characterising brace mechanical perfor-
mance under standardised loading rather than knee-complex
behaviour during functional activity. Testing was performed
in knee extension, and brace behaviour may differ at higher
flexion angles, where fixation transitions from a compres-
sion-based to a torsion-dominant mode, likely resulting in
reduced frame stability. The surrogate represents a single
anthropometry; brace fit, and therefore measured stiffness,
may differ on limbs of different circumference or length,
and the rank-ordering reported here should not be assumed
invariant across body habitus. The model permits coronal-
plane motion only, so anteromedial and posteromedial
rotational instability were not assessed. The surrogate was
not validated against cadaveric specimens or stress-radio-
graphic data, and clinical efficacy cannot be inferred from
these results. Cyclic loading, fatigue effects, and long-term
performance were not assessed. Each device was tested in
three repeated trials per load level; while this permits char-
acterisation of re-application variability, it constrains the
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precision with which within-device variability can be esti-
mated. The limited number of tested devices constrained
statistical power for subgroup analyses and limits generalis-
ability to other markets. Furthermore, fundamental clinical
questions — including optimal indications for brace use,
duration of bracing, permitted weight-bearing, and brace—
skin interaction — remain insufficiently defined in the lit-
erature and were beyond the scope of this study [2, 9, 11,
13, 25].

In conclusion, under standardized bench conditions,
commercially available knee braces indicated for MCL
injury demonstrate highly variable resistance to static valgus
deformation. Only static valgus restraint was investigated,;
rotational stability was not examined, and the present sam-
ple was insufficient to determine whether material category
accounts for the observed variability. These results describe
device-specific mechanical performance and should not be
interpreted as evidence either supporting or questioning
the clinical effectiveness of MCL bracing. Future research
should prioritise standardised biomechanical testing, objec-
tive in-vivo stability assessment including rotational insta-
bility, and high-quality clinical studies to define the role of
knee bracing in MCL injury management.
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