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Abstract:

Knee joint laxity is commonly evaluated using instrumented arthrometers; however, the
relationship between externally applied stabilization force and measured anterior and ro-
tational laxity remains insufficiently explored. This study aimed to examine the correla-
tion between knee joint stabilization force and both anterior and mediolateral rotational
knee laxity in healthy adults. Methods: A cross-sectional study was conducted on 100
healthy participants (50 males and 50 females; aged 18-29 years). One randomly selected
knee per participant was assessed using the DYNEELAX arthrometer. Anterior knee lax-
ity was measured at loading forces of 134 N, 150 N, and 200 N. Mediolateral rotational
laxity was assessed during medial and lateral rotation at torques of 3 Nm and 5 Nm. Sta-
bilization force was recorded during standardized limb fixation. Associations were ana-
lysed using Spearman’s correlation coefficient rs. No meaningful correlations were ob-
served between stabilization force and anterior knee laxity at any loading condition (rs =
-0.055 to -0.061). In contrast, moderate, statistically significant negative correlations were
identified between stabilization force and mediolateral rotational laxity across all tested
conditions (medial 3 Nm: rg = -0.455; medial 5 Nm: rs = -0.554; lateral 3 Nm: ry = -0.554;
lateral 5 Nm: rg = -0.553; all p < 0.001). Conclusion: Stabilization force shows no meaning-
ful correlation with anterior knee laxity but demonstrates a moderate inverse correlation
with mediolateral rotational laxity. These findings indicate that rotational laxity is more
sensitive to testing conditions, emphasizing the importance of standardized stabilization
procedures in instrumented knee joint assessment.

Keywords: Knee biomechanics; Ligamentous stability; Tibiofemoral kinematics; Stabiliza-
tion force; Stability; Healthy adults
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1. Introduction

The knee joint, consisting of the tibiofemoral and patellofemoral articulations, is a complex
and dynamic structure responsible for load transmission and mobility during activities of
daily living (Paterno & Hewett, 2008). It allows a wide range of motion, primarily in flex-
ion-extension and axial rotation, while maintaining joint stability under substantial me-
chanical demands (Hirschmann & Miiller, 2015).

Biomechanically, the knee is classified as a modified hinge joint (trochoginglymus), where
motion results from a coordinated interaction of rolling, gliding, and rotational move-
ments. Its kinematics are described by six degrees of freedom. These include rotational
components (flexion—extension, internal-external rotation, varus—valgus) and transla-
tional components (anterior—posterior, medial-lateral, compression, and distraction).
These components interact to maintain joint stability while allowing physiological motion
(Hirschmann & Miiller, 2015; Noyes et al., 1991).

Knee joint motion differs between open and closed kinetic chain conditions. In open kinetic
chain movements, flexion is characterized by posterior rolling and gliding of the tibial plat-
eaus relative to the femoral condyles, accompanied by medial rotation of the tibia, partic-
ularly during the initial phase of flexion (approximately the first 30°). During extension,
the tibia translates anteriorly through a combination of rolling and gliding, with the termi-
nal phase (last 30°) associated with lateral rotation. In contrast, in closed kinetic chain
movements, the kinematic pattern is reversed. Extension involves anterior rolling and pos-
terior gliding of the femoral condyles on the tibial plateaus, together with medial rotation
of the femur in the final degrees of motion, commonly referred to as the “screw-home”
mechanism. During flexion, posterior rolling and anterior gliding of the femoral condyles
occur, accompanied by lateral rotation of the femur at the onset of movement (McGinty et
al., 2000).

Joint laxity is an inherent characteristic of physiological joint motion and is assessed pas-
sively in clinical settings (Schmitt et al., 2008). Anterior knee laxity is defined as the anterior
displacement of the tibia relative to the femur (Shultz et al., 2009), whereas mediolateral
rotational laxity refers to the rotational movement of the tibia in relation to the femur (Vas-
salou et al., 2016).

Increased knee laxity has been associated with a higher risk of ligamentous injury, partic-
ularly involving the anterior cruciate ligament (Myer et al., 2008; Pasanen et al., 2025), as
well as other knee ligaments (Kim et al., 2010). Quantitative analyses indicate that each
additional millimetre of anterior knee laxity increases the likelihood of traumatic knee in-
jury by approximately 30% (odds ratio 1.3) (Vauhnik et al., 2008). Moreover, elevated joint
laxity has been linked to the development of osteoarthritis (Heidari, 2011), and individuals
with excessive physiological laxity have been shown to exhibit movement patterns associ-
ated with non-contact anterior cruciate ligament injury mechanisms (Mouton et al., 2016).
Given these associations, assessment of knee laxity plays an important role in clinical di-
agnosis, rehabilitation, and injury prevention screening. Traditionally, anterior and rota-
tional laxity are evaluated using manual clinical tests, including the Lachman test, anterior
drawer test, dial test, and pivot-shift test (Mouton et al., 2016). However, these assessments
are limited by their dependence on examiner experience and their inability to provide pre-
cise and reproducible quantitative measurements (Seil et al., 2017).

To address these limitations, several instrumented devices have been developed to stand-
ardize the evaluation of knee laxity and replicate manual testing procedures under con-
trolled conditions (Mouton et al., 2016). Commonly reported devices include the KT-1000,
KT-2000, GNRB, Rolimeter, and Telos systems (Magdic et al., 2023). More recently, the
DYNEELAX® arthrometer has been introduced, enabling sequential assessment of sagittal
and axial laxity within a single device without repositioning the tested limb (Mihalinec et
al., 2024).

Beyond enabling standardized quantification, instrumented measurements also allow con-
trolled application of stabilization forces during testing. The magnitude of posteriorly di-
rected stabilization force applied at the patella and ankle has been shown to influence
measured knee laxity values (Nascimento et al., 2024). Although stabilization force has
been suggested to influence measured knee laxity, its direct relationship with anterior and
rotational laxity has not yet been specifically examined. Therefore, the purpose of this
study was to investigate the relationship between knee joint stabilization force and both
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anterior and mediolateral rotational laxity, as assessed using the DYNEELAX® arthrome-
ter.

2. Material and Methods

2.1. Ethical approval and study setting

Ethical approval was obtained from the National Medical Ethics Committee of the Repub-
lic of Slovenia (No. 0120-436/2024-2711-3). Institutional permission was granted by the Fac-
ulty of Health Sciences, University of Ljubljana. All participants provided written in-
formed consent before participation and were informed about the study aims and proce-
dures both verbally and in writing.

The study was conducted at the Biomechanics Laboratory, Faculty of Health Sciences, Uni-
versity of Ljubljana, between June and September 2025. All measurements were performed
by a physiotherapist newly trained in the use of the DYNEELAX® arthrometer, who com-
pleted a structured training program before data collection. Measurement reliability was
confirmed in a pilot study demonstrating acceptable reliability.

2.2. Study design

A cross-sectional study design was used. A total of 100 healthy adults were included (50
males and 50 females). One randomly selected knee from each participant was assessed
once. Demographic and anthropometric data were collected, including age, sex, lower limb
dominance, body height, and body mass, from which body mass index (BMI) was calcu-
lated. In female participants, additional data were collected regarding menstrual cycle reg-
ularity, oral contraceptive use, and premenstrual symptoms, due to the potential influence
of sex hormones on ligament laxity (Shultz et al., 2004). Lower limb dominance was deter-
mined using a standardized question (“If you were to kick a ball toward a target, which
leg would you use?”) and verified with a practical ball-kicking task. In cases of incon-
sistency, the assessment was repeated (van Melick et al., 2017).

2.3. Participants

Participants were recruited using a convenience sampling approach through social media
and personal invitations. Eligibility criteria included being 18-30 years old, having no his-
tory of lower limb injury or disease, no prior lower extremity surgery, not participating in
other studies on the day of testing, and being in good general health. Exclusion criteria
were current or previous lower limb pain, history of injury, disease, or surgery affecting
the lower extremities, neurological or systemic musculoskeletal conditions, BMI greater
than 35 kg/m?, pregnancy, and inability to follow instructions or comply with the protocol.
2.4. Measurement instrument

The DYNEELAX® arthrometer is an automated device used to quantify knee joint laxity
by measuring anterior—posterior tibial translation and mediolateral tibial rotation. It ap-
plies controlled translational and rotational loads to the tibia and records the mechanical
response of structures (Genourob, n.d.).

Anterior tibial translation is assessed using forces ranging from 0 to 300 N, applied to the
proximal posterior tibia. Displacement is recorded with a sensor placed over the tibial tu-
berosity, with a resolution of 0.1 mm, enabling quantification of laxity (mm/N). Results are
presented as force—displacement curves, where the slope reflects ligament stiffness
(Genourob, n.d.; Guegan et al., 2024). Rotational laxity is assessed using torques between
1 and 10 N-m. Tibial rotation is recorded in degrees (°) with a precision of 0.1°, and results
are presented as torque—angle curves.

Previous studies have reported moderate reliability for anterior laxity (ICC 0.578-0.71 in-
ter-rater; 0.631-0.71 intra-rater) and good to excellent reliability for rotational laxity (ICC
0.822-0.94 inter-rater; 0.916-0.94 intra-rater) (Mihalinec et al., 2024). Excellent intra-rater
reliability for anterior laxity has also been reported in healthy adults (ICC 0.91-0.96) (Nas-
cimento et al., 2024).

The testing protocol followed previously published procedures and manufacturer guide-
lines.

2.5. Testing protocol

Participants were instructed to avoid high-intensity activities involving rapid directional
changes on the day of testing. They received standardized instructions and were encour-
aged to remain relaxed throughout the procedure. Participants lay in a supine position on
a customized examination table, with the trunk flexed to approximately 30°. The tested
limb was positioned at 20° of knee flexion and neutral rotation using an adjustable support
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aligned with the knee joint line. The lower limb was secured using standardized strapping,
applied from distal to proximal. Strap tension ranged from 80 to 150 N and was adjusted
to participant tolerance. For anterior translation, the sensor was placed over the tibial tu-
berosity perpendicular to the skin. For rotational measurements, the sensor was positioned
on the anterior tibia approximately 2 cm distal to the translation plate. Calibration was
performed according to manufacturer guidelines. Anterior laxity was assessed first, fol-
lowed by rotational laxity. The anterior protocol included one trial at 134 N, one at 150 N,
and three trials at 200 N. Rotational testing included one trial at 3 N-m and three trials at
5 N'm for both medial and lateral rotation. The total testing time was approximately 20
minutes.

2.6. Statistical analysis

Data were exported and checked for accuracy before analysis. Statistical analyses were
performed using jamovi (version 2.7.12) and Microsoft Excel. Normality was assessed with
the Shapiro-Wilk test. Normally distributed data are presented as mean * standard devi-
ation, while non-normally distributed data are presented as median and interquartile
range. Categorical variables are expressed as percentages. For anterior knee laxity assess-
ment, values obtained at 134 N, 150 N, and the final repetition at 200 N were analysed,
while for mediolateral rotational laxity, values obtained at 3 N-m and the final repetition
at 5 N-m were analysed.

Between-group comparisons were performed using the Mann-Whitney U test or inde-
pendent samples t-test, as appropriate. The Wilcoxon signed-rank test was used for re-
peated measures. Categorical variables were analysed using the chi-square or Fisher’s ex-
act test. Associations between anterior and rotational laxity were assessed using Spear-
man’s correlation coefficient rs. Correlation strength was interpreted as negligible (0.00-
0.09), weak (0.10-0.39), moderate (0.40-0.69), strong (0.70-0.89), or very strong (0.90-1.00)
(Schober et al., 2018). Statistical significance was set at ot = 0.05.

3. Results

3.1. Participant characteristics

The study included 100 healthy adult participants, 50 males and 50 females, aged 18-29
years. In both sexes, 25 left and 25 right knee joints were assessed. Age and body height
were not normally distributed (p-values < 0.001 and 0.026). Body mass and body mass
index were normally distributed (p-values 0.082 and 0.144). Within each sex, there were
no statistically significant differences between participants whose left or right knee joint
was assessed (p-values between 0.437 and 1).

Anthropometric data and other participant characteristics are presented in Table 1.

3.2. Correlation of knee joint stabilization force with anterior laxity

Table 2 presents descriptive statistics for knee joint stabilization force and anterior knee
laxity measured at 134 N, 150 N, and 200 N. The mean stabilization force was 135.33 N
(median 137 N; IQR 13 N). Mean anterior laxity values were 2.92 mm at 134 N, 3.21 mm at
150 N, and 4.52 mm at 200 N, with corresponding medians of 2.85 mm, 3.05 mm, and 4.28
mm. The observed ranges increased with higher loading levels, with maximum values of
6.22 mm, 6.63 mm, and 8.11 mm at 134 N, 150 N, and 200 N, respectively. All variables
deviated significantly from normal distribution (Shapiro-Wilk, p <0.001)

Figures 1-3 present scatter plots showing the relationship between knee joint stabilization
force and anterior laxity at 134 N, 150 N, and 200 N. Spearman’s correlation coefficients
(rs) between knee joint stabilization force and anterior laxity were negative under all three
loading conditions (134 N: ry=-0.055; 150 N: r, =-0.061; 200 N: r, = -0.058).
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Table 1. Anthropometric data of participants by sex and side of the assessed knee joint.

Men Women
n=>50 n=>50

Left Right Left Right All
Number 25 25 / 25 25 / 100
(%) 25 @5 (25 (25 (100)
Age (years)
Me 22 22 tp =0.505 22 21 tp=0.708 22
IQR 3 3 3 2.75 3
Body height (cm)
Me 180 180 tp=0.915 166 167 tp=0437 175
IQR 11 13 7 7 15
Body mass (kg)
X 25 25 *p=0.480 23 23 *p=0.810 24
SD 2 2 3 3 3
Dominant leg — n 4 6 2 2 14
(%)
Left —n (%) (16) (24) (8) (8) (14)
Dominant leg 21 19 fp=0.480 23 23 §p=1
Right —n (%) 84) (76) 92) (92) (86)
RMC-n 19 21 / 40
(%) (76)  (8) (12)
O.C.-n / / / 4 2 / 6
(%) (16) (8) (12)
PMS -n / / / 4 5 / 9
(%) (16)  (20) (18)

BMI = body mass index; IQR = interquartile range; Me = median; O. C. = oral contraceptives; PMS = premenstrual symptoms; p = p-
value; RMC = regular menstrual cycle; SD = standard deviation; X=mean; * = independent samples t-test (comparison between left and
right side within the same sex); * = Mann-Whitney U test (comparison between left and right side within the same sex); ¥ = x2 test
(comparison of distribution between left and right side and lower limb dominance in males); § = Fisher’s exact test (comparison of
distribution between left and right side and lower limb dominance in females)

Table 2. Descriptive statistics of knee joint stabilization force and anterior knee laxity measured at 134 N, 150 N, and 200

N.
Force (N) 134 N (mm) 150 N (mm) 200 N (mm)
Mean 135 2.92 3.21 452
Median 137 2.85 3.05 4.28
IQR 13 1.06 1.19 1.22
Minimum 103 1.41 1.59 2.83
Maximum 149 6.22 6.63 8.11
Shapiro-Wilkp < 0.001 0.001 <0.001 <0.001

IQR = interquartile range
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Figure 1. Correlation of knee joint stabilization force with anterior laxity at 134 N. The dotted line represents the
fitted regression line; the corresponding equation, rs, and p-value are shown within the figure.
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Figure 2. Correlation of knee joint stabilization force with anterior laxity at 150 N. The dotted line represents the
fitted regression line; the corresponding equation, rs, and p-value are shown within the figure.
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Figure 3. Correlation of knee joint stabilization force with anterior laxity at 200 N. The dotted line represents the fitted
regression line; the corresponding equation, rs, and p-value are shown within the figure.

3.3. Correlation of knee joint stabilization force with mediolateral rotational laxity

Table 3 presents descriptive statistics for knee joint stabilization force and mediolateral
rotational knee laxity measured during medial and lateral rotation at 3 Nm and 5 Nm.
Median medial rotation laxity was 4.67° at 3 Nm and 7.65° at 5 Nm, while median lateral
rotation laxity was 6.22° at 3 Nm and 10.44° at 5 Nm. The interquartile ranges increased
with higher torque levels, with the greatest variability observed for lateral rotation at 5 Nm
(IQR 9.33°). Maximum values were 12.37°, 19.61°, 16.17°, and 25.83° for medial 3 Nm, me-
dial 5 Nm, lateral 3 Nm, and lateral 5 Nm, respectively. Shapiro—Wilk test results showed
that all variables significantly deviated from normal distribution (p < 0.05).

Table 3. Descriptive statistics of knee joint stabilization force and mediolateral rotation knee laxity measured at 3 and 5

Nm.
Medial rotation (Nm) Medial rotation (Nm)  Lateral rotation (Nm) Lateral rotation (Nm)
3 Nm 5 Nm 3 Nm 5 Nm

Median 4.67 7.65 6.22 10.44

IQR 3.42 5.82 6.54 9.33

Minimum 0.24 2.6 1.18 2.97

Maximum 12.37 19.61 16.17 25.83

Shapiro-Wilk p  0.026 <0.001 <0.001 <0.001

IQR = interquartile range

Figures 4 and 5 present scatter plots showing the relationship between knee joint stabili-
zation force and mediolateral rotational laxity at 3 and 5 N-m. Spearman’s correlation co-
efficients between knee joint stabilization force and rotational laxity were negative under
all conditions (medial 3 Nm: rs = -0.455; medial 5 Nm: rg = -0.554; lateral 3 Nm: rs = -0.554;
lateral 5 Nm: ry =-0.553), and all correlations were statistically significant (p < 0.001).
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Figure 4. Correlation of knee joint stabilization force with medial rotation laxity at 3 and 5 Nm. The dotted line represents
the fitted regression line; the corresponding equation, rs, and p-value are shown within the figure.
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Figure 5. Correlation of knee joint stabilization force with lateral rotation laxity at 3 and 5 Nm. The dotted line
represents the fitted regression line; the corresponding equation, r, and p-value are shown within the figure.

4. Discussion

The aim of this study was to investigate the relationship between knee joint stabilization
force and both anterior and mediolateral rotational knee laxity in healthy young adults
using the DYNEELAX® arthrometer. The principal finding was that stabilization force
showed no meaningful relationship with anterior knee laxity, while moderate, statistically
significant negative correlations were observed with mediolateral rotational laxity. These
findings suggest that the influence of stabilization during instrumented knee testing dif-
fers depending on the type of laxity being assessed.

The absence of a significant association between stabilization force and anterior laxity
across all three loading conditions (134 N, 150 N, and 200 N) indicates that anterior laxity
measurements may be relatively robust to variations in external fixation force within the
tested range. Although weak negative correlations were observed, their magnitude was
negligible, suggesting that increased stabilization does not substantially alter anterior
translation values in healthy knees. This may be explained by the biomechanical charac-
teristics of sagittal plane knee stability. At approximately 20° of knee flexion, as used in
the present protocol, anterior tibial displacement is primarily restrained by the anterior
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cruciate ligament (Kreder & Hawker, 2010), with additional support from secondary pas-
sive stabilizers such as the iliotibial band, collateral ligaments, menisci, and surrounding
capsuloligamentous structures (Rahnemai-Azar et al., 2017). Therefore, suggesting that an-
terior laxity measurements primarily reflect intrinsic ligamentous behaviour, with mini-
mal influence of externally applied stabilization force within the tested range.

This finding is consistent with previous work using the DYNEELAX® system, which re-
ported high intra-rater reliability for anterior translation under standardized stabilization
conditions, indicating that anterior measurements are relatively stable, reliable and repro-
ducible (Cojean et al., 2023). The present results build on these observations by suggesting
that even when stabilization force varies between participants, anterior laxity values re-
main largely unaffected.

In contrast, the results showed moderate negative correlations between stabilization force
and rotational laxity under all tested torque conditions. The strongest association was ob-
served for medial rotation at 5 N-m (rs = -0.554), with similar values for lateral rotation.
These findings indicate that greater stabilization force is associated with lower measured
rotational displacement. From a biomechanical perspective, this result is plausible, as
greater stabilization likely increases patellofemoral joint compression and enhances joint
stability, thereby limiting mediolateral rotational freedom (Cojean et al., 2023).

Rotational knee laxity is known to be more sensitive to testing conditions (Mouton et al.,
2016), as axial rotation is influenced not only by intra-articular ligamentous structures but
also by periarticular soft tissues (Mayr et al., 2024; Vap et al., 2017), skin movement (Gimm
et al.,, 2026) and the effectiveness of limb fixation during testing (Musahl et al., 2010).
Greater stabilization likely reduces accessory motion of surrounding soft tissues and min-
imizes unintended movement of the entire limb segment, thereby decreasing the measured
rotational excursion. This suggests that part of the measured rotational laxity may repre-
sent non-articular motion rather than true tibiofemoral rotation. In other words, part of the
observed rotational displacement may reflect soft tissue compliance or slight limb move-
ment rather than pure joint motion.

This interpretation is particularly important in the context of instrumented arthrometry,
where the precision of rotational measurements depends on fixation of the lower limb
(Gimm et al., 2026). Previous literature has emphasized that rotational laxity is highly var-
iable and influenced by measurement setup, flexion angle, and sensor location (Mouton et
al., 2016). The present findings further support the need for rigorous standardization of
stabilization procedures, especially when rotational parameters are used for clinical deci-
sion-making or research comparisons.

From a clinical perspective, these findings may have direct implications for the use of the
DYNEELAX® arthrometer and similar devices. While minor variations in stabilization
force may not substantially affect anterior laxity outcomes, they appear to have a measur-
able effect on rotational assessments. This suggests that clinicians and researchers should
pay particular attention to maintaining consistent stabilization force during rotational test-
ing to improve measurement validity, reliability and comparability between sessions and
examiners. This may be especially relevant in the evaluation of ligamentous injuries in-
volving rotational instability, such as anterior cruciate ligament insufficiency or combined
anterolateral complex injuries.

Although the present study does not permit determination of an optimal stabilisation force
threshold, the observed inverse association between stabilisation force and rotational lax-
ity suggests that greater stabilisation may improve the precision and consistency of rota-
tional measurements. During testing, participants were instructed to remain relaxed, while
stabilisation forces were standardised between 80 and 150 N according to participant tol-
erance. In functional conditions, however, muscular forces acting around the knee joint are
substantially greater than the externally applied stabilisation forces used during arthrom-
etry. Therefore, insufficient fixation may allow additional accessory movement of the limb
and surrounding soft tissues, potentially contributing to increased measured rotational
displacement. From a methodological perspective, these findings suggest that higher and
well-standardised stabilisation forces may be preferable when assessing rotational knee
laxity.

Several limitations of this study should be acknowledged. First, the cross-sectional design
precludes causal inferences. Second, the sample consisted exclusively of healthy young
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adults, limiting generalizability to injured and older populations. Third, although meas-
urements followed standardized procedures, all assessments were conducted by a single
examiner, which may reduce external validity despite prior training and pilot reliability
testing. Fourth, electromyography (EMG) was not used to verify whether participants
were fully relaxed during the assessments.

Future studies should investigate whether the observed relationship between stabilization
force and rotational laxity is also present in individuals with ligamentous injuries, partic-
ularly anterior cruciate ligament-deficient knees, where rotational instability is often clin-
ically relevant. Furthermore, establishing an optimal and standardized stabilization force
range may contribute to improved reproducibility of rotational knee laxity measurements
across different arthrometers and clinical settings.

In conclusion, the present study demonstrated that knee joint stabilization force is moder-
ately and inversely associated with mediolateral rotational laxity, while no meaningful re-
lationship was observed with anterior laxity. These findings underscore the importance of
standardized stabilization procedures, particularly for rotational knee laxity assessment,
and provide clinically relevant information for improving the precision of instrumented
knee joint evaluation.

5. Conclusions

This study examined the relationship between knee joint stabilization force and anterior
and mediolateral rotational knee laxity in healthy young adults using the DYNEELAX®
arthrometer. The results showed no significant association between stabilization force and
anterior knee laxity, indicating that anterior laxity measurements are relatively robust to
variations in external fixation within the tested range. In contrast, mediolateral rotational
laxity showed consistent moderate inverse associations with stabilization force, indicating
that higher stabilization is associated with lower measured rotational displacement.
These findings suggest that rotational laxity is more sensitive to testing conditions than
anterior laxity, likely reflecting the greater contribution of periarticular soft tissues and the
dependence of rotational measurements on effective limb fixation. From a clinical and
methodological perspective, this underscores the importance of maintaining consistent
and well-controlled stabilization procedures, particularly when assessing rotational knee
laxity.

Overall, stabilization force appears to be a relevant factor associated with rotational, but
not anterior, knee laxity. Ensuring standardized testing conditions may therefore improve
the accuracy, validity, and comparability of instrumented knee joint measurements in both
research and clinical practice.
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