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Testing a Quaternion Conversion
Method to Determine Human
Three-Dimensional Tibiofemoral
Angles During an In Vitro
Simulated Jump Landing
Lower limb joint kinematics have been measured in laboratory settings using fixed
camera-based motion capture systems; however, recently inertial measurement units
(IMUs) have been developed as an alternative. The purpose of this study was to test a
quaternion conversion (QC) method for calculating the three orthogonal knee angles
during the high velocities associated with a jump landing using commercially available
IMUs. Nine cadaveric knee specimens were instrumented with APDM Opal IMUs to mea-
sure knee kinematics in one-legged 3–4� bodyweight simulated jump landings, four of
which were used in establishing the parameters (training) for the new method and five for
validation (testing). We compared the angles obtained from the QC method to those
obtained from a commercially available sensor and algorithm (APDM Opal) with those
calculated from an active marker motion capture system. Results showed a significant dif-
ference between both IMU methods and the motion capture data in the majority of
orthogonal angles (p< 0.01), though the differences between the QC method and Certus
system in the testing set for flexion and rotation angles were smaller than the APDM
Opal algorithm, indicating an improvement. Additionally, in all three directions, both the
limits of agreement and root-mean-square error between the QC method and the motion
capture system were smaller than between the commercial algorithm and the motion
capture. [DOI: 10.1115/1.4052496]

1 Introduction

Over the last 20 years in the United States, the rate of anterior
cruciate ligament (ACL) tears in young athletes has seen an
annual increase of 2.3%, accounting for nearly half of all knee
injuries [1,2]. Additionally, young female athletes sustain ACL
injuries at a higher rate, with anatomic, hormonal, and biomechan-
ical differences between the sexes being potential risk factors
[3–6]. While anatomical and hormonal factors are not easily mod-
ifiable, identifying and modifying the biomechanical factors may
be possible. ACL tears are generally divided into two categories:
contact or noncontact in nature, with the latter defined as involv-
ing no direct contact with another player or equipment. These
noncontact ACL injuries can be caused by a singular event (an
acute failure), but recently repetitive, high stress- and strain-
inducing activities have also been shown to lead to noncontact
ACL injuries (a material fatigue failure) [7].

The majority (75%) of reported ACL injuries are noncontact
injuries [8,9]. In one injury scenario, the knee is externally rotated
with a slight flexion and a slight valgus angle at the time of injury
[3,10]. It has been theorized that once these conditions are met
and the ground reaction force is applied across the knee, a power-
ful quadriceps contraction can cause sufficient anterior

displacement of the tibia relative to the femur that increases ACL
strain above its injury threshold [3,10]. So, the magnitudes of the
ground reaction and quadriceps forces, along with the three-
dimensional (3D) tibiofemoral angles, are important factors
[3,11].

Traditionally, lower limb joint kinematics have been observed
in laboratory settings using fixed camera-based motion capture
systems; however, in recent years, wearable sensors worn on
selected body segments have been developed as an alternative and
employed in various applications such as gait analysis and rehabil-
itation assistance [12–18]. One type of wearable sensor, an inertial
measurement unit (IMU), consisting of three orthogonal acceler-
ometers, rate gyroscopes, and magnetic field sensors, provides
direct measures of body segment linear acceleration, angular
velocity, and magnetic field strength. Additionally, 3D joint angle
kinematics can be determined though methods similar to those of
camera-based systems and have been evaluated and confirmed in
previous studies [16,19]. IMUs provide the opportunity to monitor
joint kinematics in real-world settings.

A commercially available IMU, APDM Opal (APDM Wearable
Technologies, Portland, OR), uses a proprietary sensor fusion
algorithm, whereby the orientation of the device can be tracked in
inertial space. The algorithm uses knowledge of its dynamics to
propagate the orientation changes based on gyroscope data and
fuses the estimate with orientation estimates determined through
its accelerometer and magnetometer information, thereby
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determining the orientation of the sensors in space. However,
because this algorithm was developed for gait analysis, we
hypothesized that it may not necessarily be accurate when used in
more dynamic activities such as sports when larger changes in
joint angles, velocity, and acceleration occur. So, the purpose of
this study was to develop an algorithm to calculate the 3D tibiofe-
meoral angles and compare those calculated angles as well as
those obtained through the APDM fusion algorithm, to those from
a standard motion capture system at a specific moment in time.
Our goal was to determine if the new algorithm demonstrated
improved accuracy and reliability in the ability to measure angles
during more dynamic activities. Improvements in the ability to
accurately and reliably measure tibiofemoral angles during
dynamic actions could be vital in identifying and tracking poten-
tially injurious loading cycles during on field activities and help
prevent catastrophic failures such as ACL ruptures.

2 Materials and Methods

2.1 Subjects and Instrumentation. Nine cadaveric knee
specimens were used for this study (Table 1). Each specimen was
dissected leaving the ligamentous capsular intact as well as the
muscle tendons of the quadriceps, hamstrings, and gastrocnemius.
After dissection, the distal tibia/fibula and proximal femur were
cut to a standard length of 20 cm from the center of the knee joint,
then potted in polymethylmethacrylate cylinders. Once prepared,
each specimen was rigidly fixed in a custom-built testing rig that
was designed to simulate a one-legged jump landing of 3–4�
bodyweight (Fig. 1). This testing rig, which includes simulated
trans-knee muscle forces, has been validated in previous studies
[20,21].

A Certus optoelectronic tracking system (OPTOTRAK CERTUS;
Northern Digital Inc., Waterloo, ON, Canada) was used to track
the changes in 3D tibiofemoral angles during the jump landing. A
total of 20 Certus markers were used. Two sets of three “real”
markers (physical markers affixed to a rigid body) were placed on
the tibial and femoral load cells. An additional 14 “imaginary”
markers were used that represented the anatomic landmarks of the
knee being tested. This allowed for the capture of tibiofemoral
kinematics such as 3D translation and rotation of the tibia with
respect to the femur. The use of a 3D digitizing wand allowed for
the defining and tracking of each imaginary marker. The sampling
rate for the Certus system was set to 2 kHz. An APDM Opal sen-
sor was rigidly attached to the medial aspect of the midtibia and
another to the lateral aspect of the midfemur using Co-flex bands
and elastic ties (Fig. 1). The sampling rate for the APDM Opal

sensors was 256 Hz, but was expanded through linear interpola-
tion to have a sampling rate of 2048 Hz in order to compare with
the Certus system.

2.2 Testing Procedure. Before testing began, the IMU sen-
sors were calibrated through the predefined calibration conditions
used by the MOVEO MOBILITY software developed by APDM. This
initialization process was used by the software to establish initial
conditions and minimize the influence that drift may have on data
validity. Once initialized, the sensors continuously recorded data.
After initialization, the quadriceps, hamstring, and gastrocnemius
muscles were pretensioned to 180 N, 70 N, and 70 N, respectively,
the initial knee angle adjusted to 15 deg, and clamped securely in
place with mechanical grips cooled by liquid nitrogen. This last
step had to be repeated periodically throughout the testing, so

Fig. 1 Schematic of test setup (reproduced with permission)

Table 1 Specimen demographics

Demographics of the specimens used in testing algorithm

Specimen # Sex Age Side Weight (kg) Total testing trials Trials analyzed

1 F 20 L 86.6 100 80
2 M 32 R 68.0 100 96
3 M 32 R 88.4 100 98
4 M 25 R 86.2 100 96
5 M 33 R 49.9 100 96

Demographics of specimens used for determining QC method parameters

Specimen # Sex Age Side Weight (kg) Total testing trials Trials analyzed

6 M 39 L 54.4 100 96
7 F 30 R 82.1 53 50
8 M 29 R 74.8 100 96
9 F 28 R 63.5 100 98

Total number of testing trials denotes how many trials the specimen was able to undergo before failure occurred, while trials analyzed consist of all trials
in where refreezing of the tendon clamps was not performed nor any other noted deviations from the normal testing procedures occurred.
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knee angle and muscle tensions were recorded prior to each test
and adjusted back to the above values, if necessary.

Drop height and weight were adjusted to match the target tibial
ground reaction impact force of 4� bodyweight (for larger speci-
mens, this was reduced to 3� bodyweight so as not exceed test rig
capacity). Once established, impacts were initiated by releasing a
large weight to impact the distal end of the tibial load cell (Fig. 1)
guided via two parallel linear bearings. At least five precondition-
ing trials were conducted before the activation of the tibial tor-
sional device to allow for any adjustments, and for potential
uncrimping of collagen fibers. The tibial torsional device allowed
for some of the impact force to be converted to internal tibial tor-
que, as can happen in a live subject when the ground reaction
causes internal tibial rotation at the knee [20,21]. After the activa-
tion of the tibial torsional device, each specimen was subjected to
up to 100 trials or until knee failure occurred, clinically defined as
anterior tibial displacement in excess of 3 mm. Peak impact force
was typically reached around 70 ms, so each trial consisted of
200 ms of data.

2.3 Data Analysis. In this study, we compared changes in
tibiofemoral flexion, abduction, and internal rotation angles at
peak impact with the three measurement modalities: (1) the Certus
measurements which we considered “gold standard” for this
study, and APDM wearable sensors—(2) using their proprietary
algorithm, and (3) our proposed algorithm. It was assumed that
maximum vertical linear acceleration as measured by the APDM
Opal sensors occurred at the same time as the maximum vertical
force as measured by the Certus system. This assumption was
made based on previous studies that showed strong correlation
between ground reaction force and linear acceleration [22].

2.3.1 Calculating the Euler Angles. A nine-axis indirect Kal-
man filter using the quaternion conversions of the IMU acceler-
ometer, gyroscope, and magnetometer data was used in this study.
This process is detailed at greater length in the paper by Stanley
et al. [23]. Briefly, data were filtered using a fourth-order, zero-
lag, low pass Butterworth filter. Optimum cutoff frequency for the
Butterworth low-pass digital filter was obtained by applying Win-
ters’ method to the sum squared difference between the unfiltered
data and filtered data at a given frequency lying within the range
of 1� x< sampling rate

2
, divided by the sum squared difference

between unfiltered data and the unfiltered mean; this process is
outlined further by Yu et al. [24]. Average optimal cutoff frequen-
cies were determined as: 12 Hz for the accelerometer (X¼ 19 Hz;
Y¼ 11 Hz; Z¼ 7 Hz); 20 Hz for the gyroscope (X¼ 10 Hz;
Y¼ 42 Hz; Z¼ 9 Hz); and 8 Hz for the magnetometer (X¼ 5 Hz;
Y¼ 10 Hz; Z¼ 10 Hz). After filtering, a predicted orientation, vi,
for the current frame from the angular change of the previous
frame, vi�1, was obtained and subsequently converted to a quater-
nion such that

vi ¼ Rf
i H � vi�1 (1)

where Rf
i H is a rotation matrix from the inertial frame to the body

frame using quaternion elements. Initially, the predicted orienta-
tion was estimated to be north-east-down. Additionally, the previ-
ous orientation estimate q� was updated by rotating it by vi such
that

q� ¼ qþ
Yi

n¼1
vn

� �
(2)

Using the quaternion conversions, estimations of gravitational
and magnetic field measurements were obtained using the linear
acceleration and angular velocity. These estimates were used to
correct the gravitational and magnetic field data obtained by the
previous orientation and magnetometer. These corrected estimates
became the innovation, yk, for the indirect Kalman filter. As men-
tioned by Stanley et al., the indirect Kalman filter attempts to

track errors rather than orientation as the data are updated through
a recursive process [23]. Additionally, because the process is
recursive, the a priori estimates of the error process and the state
transition models are always zero [23]. Therefore, the Kalman
equations utilized in this study were reduced to

P�
k ¼ Qk (3)

Sk ¼ Rk � HkP
�
k H

T
k (4)

Kk ¼ P�
k H

T
k ðSkÞ

�1
(5)

xþk ¼ Kkyk (6)

Pþ
k ¼ P�

k � KkHkP
�
k (7)

where Sk is defined as the innovation covariance, Rk is the covari-
ance of the observation model noise, Hk is the observation model,
P�
k is the predicted estimate covariance, Kk is the Kalman Gain,

Pþ
k is the updated estimate covariance, and xþk is the a posteriori

state estimate. The a posteriori state estimate’s orientation was
corrected by previous estimation such that

qþk ¼ ðq�k Þðxþk Þ (8)

Because the orientation was still in quaternion format, subtrac-
tion of the data from two adjacent segments is mathematically
valid. Therefore, the data attributed to the tibial IMU sensor were
subtracted from the femoral IMU sensor. The resulting values
were then converted into Euler angles through:

/ ¼ atan2 2 q1q2 þ q2q3ð Þ; 1 � 2 q2
2 þ q2

3

� �� �
(9)

h ¼ asin 2 q1q3 � q4q2ð Þ
� �

(10)

w ¼ atan2 2 q1q4 þ q2q3ð Þ; 1 � 2 q2
3 þ q2

3

� �� �
(11)

where / is the internal/external rotation, h is the valgus/varus
angle, and w is the flexion/extension angle.

2.3.2 Establishing the Parameters. The covariance of the
observation model noise, Rk, as well as the predicted estimate
covariance, P�

k , consisted of several parameters unique to a sen-
sor. These unique parameters included accelerometer noise (var-
iance of accelerometer signal noise), linear acceleration noise
(variance of linear acceleration noise; akin to gyroscope drift
noise), gyroscope drift noise (variance of gyroscope offset drift),
gyroscope noise (variance of gyroscope single noise), magnetic
disturbance noise (variance of the magnetic disturbance noise),
magnetometer noise (variance in the magnetometer signal noise),
linear acceleration decay factor (decay factor for the linear accel-
eration), and magnetic disturbance decay factor (decay factor for
the magnetic disturbance) [23]. APDM Opal documentation pro-
vided the values associated with accelerometer noise, gyroscope
noise, and magnetometer noise. The parameters of gyroscope drift
noise, linear acceleration noise, and magnetic disturbance noise
were not detailed by the documentation, and instead default values
based on the FRDM-FXS-Multifamily of sensor boards (as used
by the Freescale Toolbox of MATLAB) were used. The use of these
default values was implemented due to the potential value ranges
being theoretically infinite such that a process of trial and error
would not be possible. Linear acceleration decay factor (LADF)
and magnetic disturbance decay factor (MDDF) were unknown
parameters that could be adjusted as their theoretical values
ranged from 0 to 1. Therefore, of the nine specimens in this study,
four were selected to establish the values of these parameters
(training set) (Table 1). A trial-and-error approach was taken
where adjustments to the LADF and/or MDDF were performed to
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minimize the difference in maximum angle between the quater-
nion conversion (QC) method and the Certus system. These
adjustments were performed on each of the three orthogonal
angles resulting in three unique LADF and three unique MDDF
values per specimen. An average for both LADF and MDDF was
determined and used when calculating the angles of the remaining
five specimens (testing set). A trial-and-error approach was used
as it requires no assumed knowledge of the system and allows for
the determination of some valid working solution. MATLAB scripts
were used to calculate specimen angles using the QC method for
both the training set and testing set (MATLAB_R2019b; MathWorks,
Natick, MA).

2.4 Statistical Analysis. Since the intermittent freezing of the
patellar ligament clamp led to significant changes in linear accel-
eration and angular velocity and had the potential to affect the
mechanical properties of the specimen immediately postfreezing,
these trials were omitted from any analysis. A repeated measures
analysis of variance with a pairwise comparison was performed
on both training and testing specimen sets to determine whether

there was a difference between the QC method and the Certus
data, the QC method and the APDM algorithm, and the APDM
algorithm and the Certus data (IBM SPSS Statistics v 24.0). A Bon-
ferroni correction was used to correct for multiple comparisons.
Differences were considered significant if p< 0.05.
Bland–Altman limits of agreement (LoA) were constructed for the
testing specimen set in order to examine each method’s reliability;
lower LoA values indicated a better degree of reliability [25]. Lin-
ear mixed effect models for both sets were constructed where the
angle as measured by Certus was a linear function of the IMU
angles (the QC method or the APDM algorithm) with a random
intercept per specimen. The root-mean-square of the residuals of
the linear mixed effect model was used as the root mean squared
error (RMSE) between Certus and one of the IMU angle methods.

3 Results

The angles of interest were those that occurred at maximum
vertical tibial force (Certus system) or at maximum vertical tibial
linear acceleration (APDM Opal and QC method) during the
simulated jump “landing.” Figure 2 illustrates the representative
signals measured by the three systems as well as the timestamp of
the angle of interest. The APDM Opal algorithm exhibited a phase
lag, whereby the peak angle appeared at a later time than the peak
angle of either the Certus system or the QC method.

3.1 Training Set. There was a significant difference in all
three angles between the Certus and APDM Opal algorithm. The
training set showed a mean difference in flexion/extension
between the Certus system and APDM Opal algorithm of 0.9 deg
(95% CI: 0.6 deg to 1.2 deg) (Table 2). For abduction/adduction, a
mean difference of �1.1 deg (95% CI: �1.1 deg to �0.5 deg)
between the Certus system and APDM Opal algorithm was
observed, while the mean difference between the Certus system
and the QC method was 0.2 deg (95% CI: 0.1 deg to 0.3 deg)
(Table 2). The mean difference in rotation between the Certus sys-
tem and APDM Opal algorithm was 2.7 deg (95% CI: 2.1 deg to
3.3 deg) (Table 2). In each case, both the LoA and RMSE associ-
ated with QC method versus Certus were observed to be smaller,
indicating an increase in accuracy and reliability when using the
QC method (Table 3).

3.2 Testing Set. There was a statistically significant differ-
ence between the Certus measurements and both the QC Method
and APDM Opal algorithm for all three angles. There was a mean
difference in flexion/extension of 2.5 deg (95% CI: 2.0 deg to 3.1
deg) between the Certus system and APDM Opal algorithm while
the mean difference between the Certus system and the QC
method was �0.7 deg (95% CI: �1.1 deg to 0.4 deg) (Table 2).
For abduction/adduction, the mean difference between the Certus
system and APDM Opal algorithm was �4.1 deg (95% CI:
�4.3 deg to �3.9 deg) while the mean difference between the Cer-
tus system and the QC method was �1.2 deg (95% CI: �1.4 deg
to �1.0 deg) (Table 2). For rotation, the mean difference between
the Certus system and APDM Opal algorithm was 6.7 deg (95%
CI: 5.8 deg to 7.6 deg) while the mean difference between the Cer-
tus and the QC method was observed to be 1.0 deg (95% CI:
0.6 deg to 1.4 deg) (Table 2).

The Bland–Altman plot for flexion/extension of APDM algo-
rithm versus Certus cases showed a downward trend, indicating
that the APDM algorithm method tended to overestimate the
angle at lower angles and underestimate it at higher ones while no
such trend was observed in QC method versus Certus (Fig. 3(a)).
The majority of trials for APDM algorithm versus Certus fell
below the zero-difference line, indicating a tendency for underes-
timation while QC Method versus Certus demonstrated a tendency
for overestimation. For abduction/adduction, both APDM algo-
rithm versus Certus and QC method versus Certus showed a
downward trend; however, the trend associated with QC method

Fig. 2 Average time history of each orthogonal knee angle as
measured by APDM algorithm (top curve), Certus (bottom most
curve) and QC method (middle curve) for a single knee speci-
men for (a) flexion, (b) abduction, and (c) rotation. The vertical
line indicates the time of the peak impact force. Note: Consis-
tently, the APDM algorithm (bottom most curve) exhibited a
phase lag relative to the Certus and QC method.
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versus Certus was less pronounced (Fig. 3(b)). Both APDM versus
Certus and QC Method versus Certus exhibited a majority of trials
above the zero-difference line indicating a tendency for underesti-
mation of the Certus absolute angle, though APDM algorithm ver-
sus Certus exhibited a greater propensity (3.4% versus 23.0%). In
the Bland–Altman plot for rotation, both APDM algorithm versus
Certus and QC method versus Certus showed similar downward
trends with both exhibiting the majority of their trials falling
below the zero-difference line indicating a tendency of underesti-
mation in both methods (Fig. 3(c)). Though again, APDM algo-
rithm versus Certus exhibited a greater propensity for
underestimation (79.4% versus 63.4%). Additionally, in each
case, both the LoA and RMSE associated with QC method versus
Certus were observed to be smaller than the opal algorithm, indi-
cating an increase in accuracy and reliability when using the QC
method and the training set LoA and RMSE were lower than the
testing set (Table 3).

4 Discussion

The purpose of this study was to determine whether the QC
method could provide improved accuracy and reliability measure-
ments of the changes in 3D knee angles during a dynamic activity
consisting of a jump landing. In this study, we observed that
across all cases and specimen sets, the QC method produced
smaller differences than APDM algorithm when compared to the
“gold-standard” Certus motion capture system. Although in that
majority of cases, the difference between the QC method and Cer-
tus was statistically significant (p< 0.01), the mean difference for

flexion (�0.7 deg) and rotation (1.0 deg) in the testing set between
the two systems is clinically insignificant. For example, a review
paper that examined the difference in knee flexion angles during
documented ACL tears in male and female athletes reported dif-
ferences in 10 deg to 21.7 deg in knee flexion between injured and
uninjured athletes and a laboratory study found a correlation of
increased abduction angle of 8 deg in female athletes who went on
to injure their ACL [26,27]. Only the mean difference between the
QC method and Certus for flexion (�0.1 deg) and rotation (0.1
deg) in the training set were observed as not being statistically sig-
nificant, though this may be due to the algorithm being overly
tuned for the training set. Furthermore, in every instance the
RMSE values associated with the difference between the QC
method and the Certus system were smaller than those for the
APDM algorithm, with the largest difference occurring in the test-
ing set for rotation (2.4 deg compared to 6.0 deg). In every case
the LoA associated with the difference between the QC method
and the Certus system was smaller than those of APDM Opal,
indicating a smaller range in differences and better degree of reli-
ability. A particular point of interest is the observation that the
APDM Opal algorithm exhibited a phase lag compared to the Cer-
tus system, whereas the QC method did not (Fig. 2). This was also
observed by Takeda et al. where a phase lag in peak flexion angle
between the IMU and camera system is visible [28]. Takeda et al.
attributed this phase lag in their study to the use of a moving aver-
age filter to remove noise from the raw acceleration and angular
velocity data [28].

A number of studies have calculated joint angles using IMU
sensors and compared the results to those from a motion capture

Table 2 Values of the pairwise comparison analysis performed for (a) flexion, (b) abduction, (c) rotation in degrees

Repeated measures analysis of variance with pairwise comparison

Training set Testing set

Comparison Mean diff. (SD) 95% CIa Mean diff. (SD) 95% CIa

Flexion Certus versus APDM algorithm 0.9 deg (2.8 deg)* (0.6 deg, 1.2 deg) 2.5 deg (0.2 deg)* (1.9 deg, 3.1 deg)
Certus versus QC Method �0.1 deg (0.9 deg) (�0.2 deg,0.0 deg) �0.7 deg (0.1 deg)* (�1.1 deg, �0.4 deg)

QC Method versus APDM algorithm �0.8 deg (2.8 deg)* (�1.1 deg, �0.5 deg) 3.2 deg (0.3 deg)* (2.6 deg, 3.8 deg)

Abduction Certus versus APDM algorithm �1.1 deg (2.8 deg)* (�1.4 deg, �0.8 deg) �4.1 deg (0.1 deg)* (�4.3 deg, �3.9 deg)
Certus versus QC Method 0.2 deg (0.7 deg)* (0.1 deg, 0.3 deg) �1.2 deg (0.1 deg)* (�1.4 deg, �1.0 deg)

QC Method versus APDM algorithm 0.9 deg (2.7 deg)* (0.7 deg, 1.2 deg) �2.9 deg (0.1 deg)* (�3.2 deg, �2.6 deg)
Rotation Certus versus APDM algorithm 2.7 deg (5.9 deg)* (2.1 deg, 3.3 deg) 6.7 deg (0.4 deg)* (5.8 deg, 7.6 deg)

Certus versus QC Method 0.1 deg (1.5 deg) (�0.1 deg, 0.2 deg) 1.0 deg (0.2 deg)* (0.6 deg, 1.4 deg)
APDM algorithm versus QC Method �2.8 deg (5.9 deg)* (�3.4 deg, �2.2 deg) 5.7 deg (0.4 deg)* (4.8 deg, 6.5 deg)

Mean (SD) and 95% confidence interval (CI) are based on the difference in angle measurement between compared systems for specimens in the training
algorithm set (left) and for those in the testing algorithm set (right).
aAdjustment for multiple comparison: Bonferroni.
*Statistically significant p< 0.05.

Table 3 Comparison of the calculated knee angles between IMU based methods (APDM Opal or QC Method) and the Certus
motion capture system for specimens in the training algorithm set (left) and for those in the testing algorithm set (right)

Comparison of IMU methods to Certus values

Training set Testing set

Comparison RMSE LoA RMSE LoA

Flexion Certus versus APDM algorithm 1.0 deg (�6.3, 4.6) 3.1 deg (�12.1 deg, 7.0 deg)
Certus versus QC Method 0.7 deg (�1.9, 1.8) 2.6 deg (�4.5 deg, 5.8 deg)

Abduction Certus versus APDM algorithm 2.0 deg (�4.4, 6.7) 1.1 deg (0.2 deg, 8.0)
Certus versus QC Method 0.7 deg (�1.3, 1.7) 0.8 deg (�2.1 deg, 4.4 deg)

Rotation Certus versus APDM algorithm 3.4 deg (14.2, 8.8) 6.0 deg (�22.5 deg, 9.2 deg)
Certus versus QC Method 1.5 deg (�2.9, 3.1) 2.4 deg (�8.6 deg, 6.6 deg)
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system [28–31]. However, most focus has been on examining dif-
ferences in knee flexion, the knee angle that exhibits the largest
change. While determining an IMU’s ability to measure flexion
angles is important when observing knee injuries, a number of
studies have noted the relationships between knee injuries (partic-
ularly ACL stress/strain) and valgus and rotational angles, rather
than flexion angle [6,32–37]. So, for the purposes of improving
knee injury prevention, it is important to be able to accurately
measure all three tibiofemoral angles, not just flexion. Determin-
ing Euler angles from only linear acceleration and angular veloc-
ity is common practice because this process does have the ability
to smoothly measure rotation in 3D space. However, because it
can only yield orientation to some random horizontal global frame
of reference, it lacks a sense of magnetic north and thus cannot
accurately measure angles perpendicular to that horizontal global
frame [23]. Furthermore, in many of these studies, direct conver-
sion of angular velocities into Euler angles through the implemen-
tation of a rotation matrix was performed [28,29]. This approach
poses several problems. First, rotation matrices do not commute
and the order with which they are applied is important.

Additionally, there is a possibility that during rotation, alignment
of two of the axes may occur resulting in gimbal lock and loss of
data. And finally, there is a potential distortion of the data that can
occur. It should also be noted that Euler angles are not vectors.
This poses the issue that, mathematically, subtraction of the Euler
angles of adjacent segments to determine joint angles is not
justifiable.

Studies such as those by Watanabe et al. and Tong et al. calcu-
lated knee flexion joint angles but did not convert these to Euler
angles [30,31]. This poses the problem that angles obtained by
either study do not describe the orientation of the joint with
respect to a fixed coordinate system and thus may not represent
the knee’s true 3D angular orientation. In the study conducted by
Tong et al., the difference between adjacent segment inclinations
was determined which, when compared to their camera system,
resulted in a RMSE value of 6.4 deg. This is larger than that
observed within our study for either the APDM Opal (3.1 deg) or
our QC Method (2.6 deg) [31]. Watanabe et al. performed a simi-
lar process to that of Tong et al. in that they used the difference in
integrated angular velocity between two adjacent segments;

Fig. 3 Bland–Altman plot associated with the difference between the (a) flexion, (b) abduc-
tion, and (c) rotation of the APDM software and Certus system (left) and between the QC
method and Certus (right) grouped in terms of specimen. The y-axis shows the difference in
measured angle between the systems (either APDM-Certus or QC-Certus) while the x-axis
shows the value of Certus.
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however, they also made use of a Butterworth low-pass filter as
well as a Kalman filter, as we used in our QC Method [30]. Wata-
nabe et al. observed a RMSE between 3 deg and 4 deg, smaller
than that reported by Tong et al. and comparable to that of the
APDM Opal (3.1 deg); however, the RMSE associated with our
QC Method was observed to be smaller (2.6 deg). Both of these
studies examined gait, which has lower velocities and accelera-
tions than the present jump landing activity. Slower movements,
such as in gait, may not have the same levels of movement artifact
as those that are more dynamic such as those in this study. Addi-
tionally, Tong et al. used a limited sample size (N¼ 3), which is
unlikely to suffice to establish a reliable methodology [31]. While
the sample size used by Watanabe et al. was comparable to our
study (N¼ 6), they had significantly fewer total trials (N¼ 18
compared to N¼ 466), which may not capture the intertrial varia-
tions and trends [30]. In addition, these studies calculated knee
flexion angle only.

Takeda et al. used angular velocity of an IMU to estimate the
translational acceleration; this translational acceleration was sub-
tracted from the IMU linear acceleration to obtain gravitational
acceleration, which was then used to determine flexional orienta-
tion of the joint [28]. Unlike the studies of either Watanabe et al.
or Tong et al., Takeda et al. applied rotational matrices to obtain
Euler angles [28]. The process resulted in an observed RMSE
between their method and camera system of 6.8 deg, comparable
to that observed by Tong et al. and larger than that observed
within our study for either the APDM Opal (3.1 deg) or our
method (2.6 deg) [28]. The lag observed by Takeda et al. between
their method and camera system is similar to the lag observed in
our study between APDM Opal and Certus system: their method’s
peak flexion angle fell between 10% and 15% after the peak flex-
ion angle of the camera system, and in our study the average
APDM Opal peak flexion angle was 40 ms (�20%) after the peak
flexion angle of the camera system [28].

One previous study used APDM Opal sensors and compared
the results to a camera system, but unlike many other studies
made use of both highly dynamic activities (jumps) as well as live
subjects [38]. Additionally, all three angles of the knee were
measured and compared. The APDM Opal sensors performed
well under certain conditions, primarily those of smaller angular
displacement and in the ability to measure abduction/adduction
and internal/external rotation [38]. This was not what was
observed in our study which found abduction/adduction and inter-
nal/external rotation of either method exhibiting larger RMSE val-
ues. In nearly every case, RMSE values observed in this study
were smaller than those previously reported [38]. The only excep-
tion was in the comparison of internal/external rotation for APDM
Opal versus Certus, which had the largest RMSE values among all
comparisons (RMSE: 6.7 deg compared to 3.9 deg observed by
Ajdaroski et al.) [38]. While artifact due to skin/muscle laxity of
live subjects may have contributed to why the RMSE values
observed were larger, in the case of internal/external rotation of
APDM Opal versus Certus it may be drift and error accumulation
due to the longer testing durations in this study that could account
for its larger RMSE value. The QC method has the potential for
measuring more accurate and more reliable angles than the
method employed by APDM Opal algorithm, although application
of the QC method on live subjects is still needed to confirm this.

4.1 Limitations. This study examined a new algorithm for
calculating knee angles in a “best case scenario” without the ever-
present soft tissue motion that affects the coupling of the sensor to
the bone in vivo. That means that the present measurements of
knee angle changes were conducted under the best possible condi-
tions and future studies should examine how soft tissue motion
can affect accuracy. Additional pre-/postfiltering may be neces-
sary when using the QC method in live subjects. Additional varia-
tion may also be expected in live subjects because each individual
will have more varied landing kinematics than the present

instrumented apparatus provided. It is also true that limited ranges
in flexion, abduction, and rotation angles were observed in this
study. In order to understand the possible error that could occur in
the full range of motion of the knee, testing with both smaller and
larger knee angle changes will be required. Furthermore, maneu-
vers other than jump landings have been observed to lead to non-
contact ACL injuries and as such, it may be possible that the QC
method developed in this study is overly tuned for a jump landing
scenario [11–13]. The trial-and-error approach used in determina-
tion of LADF and MDDF values may be a source of potential
error. A more robust method such as a nonlinear programming
with specific constraint conditions could have been used, although
it should be noted that this can be expensive to perform and given
the very small differences between the QC method and Certus, the
added precision in value may not be needed. The limited number
of specimens (n¼ 4) used to establish the parameters for the QC
method is also a potential limitation. The lower sampling rate of
the IMU may also be a limitation as this may have led to missed
information and/or aliasing when compared to higher sampling
rates. Finally, the presence of iron in the frame of the present
apparatus might have affected the accuracy of the IMU magne-
tometer readings, a situation that would not exist on a large out-
door field.

Conclusions

The QC method was able to more accurately estimate knee
angles during a simulated one-legged landing than the APDM Opal
algorithm across all three tibiofemoral angles. The improvements
in accuracy provided by the QC method demonstrates that it may
be feasible to use IMUs to identify and track knee angle measure-
ments that may be associated with ACL injury given the reported
association between ACL stress/strain and knee valgus and internal
rotation angles and moments. Further testing of the QC method is
needed in live subjects and in a variety of scenarios.
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