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BIOMECHANICAL ASSESSMENT FOR THE RETURN TO SPORT AFTER ACL INJURY: WEARABLE INERTIAL SENSORS VS MARK-
ER-BASED MOTION CAPTURE 
DI PAOLO, S., LOPOMO, N., DELLA VILLA, F., BRAGONZONI, L., GRASSI, A., ZAFFAGNINI, S. 
UNIVERSITY OF BOLOGNA 

INTRODUCTION: 
In return to sport training programmes after Anterior Cruciate Ligament (ACL) injury, biomechanical assessment is crucial to understand 
whether an athlete is ready to come back or not. Motion capture is oftener used to identify dangerous patterns that could lead to re-injury 
and further stops. Moreover, recent studies underlined the need for multi-joint biomechanical evaluations performed directly on field. 
Even though optoelectronic marker-based (OMB) motion capture is the gold standard, it is highly bonded to Lab contexts. Wearable inertial 
sensors (WIS), rather, are easily transportable and usable outdoor. Nevertheless, the accuracy of WIS has not been proved yet for high-
speed and high-impact movements, thus the ones performed in real trainings and matches. The aim of the present work was to validate 
the WIS against the OMB motion capture in a training programme specifically developed for the return to sport assessment after ACL 
injury. 
METHODS: 
Thirty-four healthy athletes from different sports (23±4 years, 18 male and 14 female, Tegner Level 9) were enrolled. Every athlete per-
formed a specific test based on six motor tasks: single-leg squat (SLS), drop jump (DJ), lateral landing (LL), frontal deceleration (DEC), single 
leg hop (SLH), change of direction (CD). Three valid repetitions per leg of every task were performed. Motion data were collected simulta-
neously with OMB (Vicon) and WIS (Xsens): OMB included 42 retroreflective markers placed according to the Plug-in-Gait model; WIS set 
included 15 inertial sensors (full body configuration). Kinematic data of ankle, knee, hip, pelvis, and trunk joints were collected. The accura-
cy of the WIS against the gold standard OMB was assessed using correlation coefficients (r, CMC) and absolute or normalized error meas-
urements (Root Mean Square, Range of Motion Error, Mean Relative Variability). 
RESULTS: 
A total of 880 valid trials were compared between the systems. The accuracy of the WIS was excellent for all the joint angles on the sagittal 
plane in all the six movements performed (r>0.95, p<0.0001), error measures were always below 3°. On frontal plane, correlation was 
good-to-excellent for all the repetitions of the entire test (r: 0.53–0.92, p<0.01); errors were slightly higher for the high-speed movements 
(CD, DEC 3-6°) compared to the slower ones (SLS, DJ 1-4°). On the transverse plane, errors were generally higher (up to 8°), particularly for 
knee and pelvis joints. 
CONCLUSION: 
The WIS showed a very good overall accuracy compared to the gold standard OMB in the evaluation of the athletes’ biomechanics. High 
dynamics of movements did not significantly affect accuracy, thus endorsing the use of WIS for return to sport assessment after ACL injury. 
Light incongruences were found regarding the transverse plane angles. WIS represents a valuable alternative to OMB motion capture: 
although some accuracy adjustments are needed, this technology could pave the way to on-field quantitative assessment of ACL injury 
risks. 
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INTRODUCTION: 
The incidence of Anterior Cruciate Ligament (ACL) injury in female athletes is still remarkable (1). In particular, soccer has one of the high-
est ACL frequency and female athletes are 2 to 3 times more likely to get injured than men (1). Nearly 80% of all ACL injuries are due to 
non-contact mechanism and occur during landing, pivoting or cutting maneuvers (2). ACL injury is multifactorial, but modifiable risk factors 
may include abnormal cutting patterns due to fatigue (3,4). However, the extent to which fatigue alters movement mechanics is still un-
clear (4,5). A better understanding of the influence of fatigue on these mechanisms would enhance the development of prevention pro-
grams. 
METHODS: 
Nine élite female soccer players (age: 20-31 years, BMI: 18.4-22.7 k gm-2) playing in the first or second Italian division (“Serie A” and “B”) 
performed a 5-m shuttle-run test until exhaustion, paced at 70% of their maximal aerobic speed (2.6±0.2 m s-1). 
The three-dimensional position of 37 reflective markers during the test was obtained with an optoelectronic motion analysis system (BTS, 
Italy). Peak blood lactate concentration was measured at the end of the test. A biomechanical model was developed in Visual 3D (C-
Motion, USA) to obtain hip, knee and ankle 3D kinematics. Statistical parametric mapping (paired t-tests) were used to compare joint 
kinematics during the stance phase between the turns 6-10 and the last 5 turns executed with the preferred leg. 
RESULTS: 
The post-exercise peak of blood lactate concentration was 10.7±3.0 mM. The hip was more extended at mid-stance (t=2.398, p=0.038), as 
well as the knee (t=2.635, p=0.005). The tibia was more internally rotated from 20% to 80% of the stance phase (t=2.677, p<0.001). No 
significant differences were observed for the ankle joint. 
CONCLUSION: 
Results highlighted a sequence of movement alterations related to biomechanical risk factors for ACL injury (2). Knee and hip flexion were 
reduced, while we observed an increased tibial internal rotation and knee dynamic valgus. No alterations occurred in knee kinematics on 
the frontal plane: likely, the difference between the fresh and the fatigued condition was not sufficiently demanding to cause this pattern 
alteration. However, the baseline value (10-15 degrees of knee abduction) could be potentially hazardous per se, even before the onset of 
fatigue. 
Following the findings of our recent work on male athletes (3), it is confirmed that fatigue can be a part of the multifactorial scenario in 
which ACL injuries occur. Given also the higher incidence in women, the implementation of specific neuromuscular training when players 
are fatigued can provide significant benefits, moderating modifiable biomechanical risk factors. 
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