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a b s t r a c t

Skin-mounted marker based motion capture systems are widely used in measuring the movement of
human joints. Kinematic measurements associated with skin-mounted markers are subject to soft tissue
artifacts (STA), since the markers follow skin movement, thus generating errors when used to represent
motions of underlying bone segments. We present a novel ultrasound tracking system that is capable of
directly measuring tibial and femoral bone surfaces during dynamic motions, and subsequently measur-
ing six-degree-of-freedom (6-DOF) tibiofemoral kinematics. The aim of this study is to quantitatively
compare the accuracy of tibiofemoral kinematics estimated by the ultrasound tracking system and by
a conventional skin-mounted marker based motion capture system in a cadaveric experimental scenario.
Two typical tibiofemoral joint models (spherical and hinge models) were used to derive relevant kine-
matic outcomes. Intra-cortical bone pins equipped with optical markers were inserted in the tibial and
femoral bones to serve as a reference to provide ground truth kinematics. The ultrasound tracking system
resulted in lower kinematic errors than the skin-mounted markers (the ultrasound tracking system: max-
imum root-mean-square (RMS) error 3.44� for rotations and 4.88 mm for translations, skin-mounted
markers with the spherical joint model: 6.32� and 6.26 mm, the hinge model: 6.38� and 6.52 mm). Our
proposed ultrasound tracking system has the potential of measuring direct bone kinematics, thereby mit-
igating the influence and propagation of STA. Consequently, this technique could be considered as an
alternative method for measuring 6-DOF tibiofemoral kinematics, which may be adopted in gait analysis
and clinical practice.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Accurate measurements of joint kinematics are essential to
comprehensively understand the mechanism of joint motion. Most
of kinematic data on the lower extremity are obtained frommotion
capture systems, in which the trajectories of skin-mounted mark-
ers are recorded to represent the motion of underlying skeletal
structure (Lafortune et al., 1992). However, the estimated three-
dimensional (3D) position and orientation of bone segments and
the related kinematics are subject to soft tissue artifacts (STA)
(Cereatti et al., 2017). Since the movement of the skin, muscles,
and fat relative to the underlying bone is an inevitable phe-
nomenon under dynamic motion tasks (Dumas and Jacquelin,
2017), the inherent mismatch between skin and bone movement
is difficult to remove under all circumstances (Cappozzo et al.,
1995, 1996). It has been reported that STA can cause measurement
errors of up to 30 mm in the thigh (Akbarshahi et al., 2010). The
propagation of STA to knee joint kinematics has been reported to
lead to average rotational errors of up to 4.4� and 13.1� and average
translational errors of up to 13.0 mm and 16.1 mm for walking and
cutting motions, respectively (Benoit et al., 2006).

Extensive researches have been conducted on quantification,
assessment, and compensation of STA for different motor tasks
(Andersen et al., 2009; Bonnechère et al., 2015; Cappozzo et al.,
1997; Charlton et al., 2004; Duprey et al., 2010; Lu and O’Connor,
1999). Multi-body kinematics optimization (MKO) has been used
with the intent to compensate the STA and to limit the propagation
of STA to joint kinematics estimation (Andersen et al., 2009; Lu and
O’Connor, 1999). The typical mechanical linkages representing the
knee joint and embedded in MKO are the hinge joint and the spher-
ical joint, which involve major simplifications with respect to the
actual joint and reduce the degrees of freedom (DOF) of the joint
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(Ojeda et al., 2014; Reinbolt et al., 2005). The hinge joint only
allows the flexion-extension rotation (Andersen et al., 2009). The
spherical joint allows all three rotations but no translation
(Clement et al., 2017). Researchers have realized that motion anal-
ysis research community should make more efforts in search of
more advanced subject-specific joint models or error models, or a
new measurement modality in order to improve the accuracy of
estimated joint kinematics (Andersen et al., 2010; Cereatti et al.,
2006; Richard et al., 2017).

Instead of compensating STA from various perspectives of
mathematical models and optimizations, we developed a new
method to directly measure spatial information of underlying
bones in order to produce an effective and valid representation
of skeletal motion and the corresponding joint kinematics. A novel
ultrasound (US) tracking systemwas developed to measure tibiofe-
moral kinematics dynamically, non-invasively, and without radia-
tion. As A-mode ultrasound transducers are capable of detecting
underlying bone surfaces non-invasively through multiple layers
of soft tissues under dynamic movement, a combination of
multiple A-mode ultrasound transducers and conventional
skin-mounted markers provides a new approach of measuring
the trajectories of multiple A-mode ultrasound transducers
attached on the thigh and shank as well as detecting respective
underlying bone surfaces from received ultrasound signals. Subse-
quently, the trajectories of bone surfaces could be obtained and the
relevant kinematics can be quantified. To evaluate our system rel-
ative to conventional motion capture systems with skin-mounted
markers, cadaveric experiments were conducted.

The aim of the presented work is to compare tibiofemoral kine-
matics derived from our ultrasound tracking system with those
kinematic outcomes derived from skin-mounted markers using
two typical joint models (hinge and spherical) in cadaveric exper-
iments. Another goal is to demonstrate the potential for being less
affected by STA and achieving high accuracy in estimated tibiofe-
moral kinematics with our ultrasound tracking system.
2. Material and methods

2.1. Experimental setup

A full body cadaveric specimen (male, 79 kg, 179 cm) was
obtained from and approved by the Anatomy Department of the
Radboud University Medical Center (RUMC), Nijmegen, the Nether-
lands. There was no history of illness, injury, or treatment affecting
the knee or hip functions. Tracked intra-cortical bone pins
equipped with optical markers were inserted into the right femur
(with two pins) and right tibia (with two pins), which provided
ground truth kinematics as a reference. A full leg (from the pelvic
to foot) CT scan was made at the Department of Radiology of the
RUMC using a TOSHIBA Aquilion ONE (TOSHIBA, Tustin, USA) with
a voxel size of 0.755 mm � 0.755 mm � 0.500 mm. Subsequently,
the femur and tibia were manually segmented using Mimics 17.0
(Materialise N.V., Leuven, Belgium) to generate geometrical surface
models of the bones, which were exported in STL format. The
femoral and tibial anatomical reference frames were defined based
on bone geometries using a method previously described (Miranda
et al., 2010). The upper body of the cadaver was fixated with nylon
straps in a supine position on a surgical table, while ensuring that
the right leg could be manually displaced without any hindrances
to its movement.
2.2. Ultrasound tracking system

The ultrasound tracking system comprised six customized 3D-
tracked ultrasound holders covering six anatomical areas: greater
trochanter of the femur, middle femoral shaft, lateral and medial
sides of both femoral epicondyles and tibial condyles, middle tibial
shaft, and ankle (Fig. 1). Each ultrasound holder consisted of a vari-
able number of A-mode ultrasound transducers (frequency: 7.5
MHz, Imasonic SAS, Voray/l’Ognon, France) and three optical mark-
ers that were tracked by Visualeyez VZ4000v system (PTI Phoenix
Technologies Inc., Vancouver, Canada) operating at 60 Hz. The
ultrasound holders were designed in SolidWorks (Waltham, Mas-
sachusetts, USA) andmanufactured using Polyamide powder mate-
rial in 3D printer (EOS Formiga P110, EOS GmbH, Krailling,
Germany) to insure high accuracy on their 3D geometrical struc-
tures for maintaining the rigidity and stability. Therefore, the spa-
tial relations between each A-mode ultrasound transducer and
each optical marker were known parameters. The origin and point-
ing direction of each ultrasound transducer were parameterized
during design. Hence no further physical calibration is required
as this is build-in design. The ultrasound detected point can be dig-
italized through the known origin and pointing direction of each
ultrasound transducers and the related spatial relation between
each optical marker, when the depth of bone surface is obtained
(Fig. 1). In total, 30 A-mode ultrasound transducers and 18 optical
markers were installed on six ultrasound holders. The sample rate
of the whole ultrasound tracking systemwas 20 Hz. After attaching
all ultrasound holders on the lower extremity, the received ultra-
sound signals and trajectories of rigidly attached markers were col-
lected to calculate corresponding points on the surface of the
bones. Subsequently, these points were fed to a point-cloud regis-
tration algorithm modified from the combination of an iterative
closest point algorithm (Besl and McKay, 1992) and a perturbation
method (Ma and Ellis, 2003) with weighting factors to estimate the
position and orientation of the bone model in 3D space. The
weighting factors were associated with the intensity (i.e. ‘reliabil-
ity’) of the detected peak of the tissue-bone boundary. Finally,
tibiofemoral kinematics were quantified from the estimated bone
positions per time-frame of acquisition using the established
anatomical reference frames (Grood and Suntay, 1983). The rele-
vant data acquisition and processing have been described previ-
ously in detail (Niu et al., 2017). The trajectories of inserted
intra-cortical bone pins and attached ultrasound holders as well
as received ultrasound signals were synchronized and recorded
simultaneously.

2.3. Skin-mounted markers measurement

The skin-mounted marker measurement was performed by
attaching active optical marker clusters and individual markers
directly to the skin to track locations of anatomical landmarks
which were measured by the same configuration of Visualeyez
tracking system operating at 60 Hz. The individual markers were
placed directly on top of the skin of both the lateral and medial
malleoli, tibial condyles, and femoral epicondyles, and of the
greater trochanter, patella, and tibial tuberosity landmarks
(Fig. 2) (Dumas et al., 2007). Twomarker clusters with three optical
markers were firmly strapped on the middle part of the shank and
thigh to reconstruct the used anatomical landmarks on the tibia
and femur, respectively. Reconstruction of the related landmark
positions was done by performing additional measurements using
a five-marker pointing device indicating landmark locations rela-
tive to the 3D positions of marker clusters, and the use of dedicated
custom MATLAB scripts (Soderkvist and Wedin, 1993). The posi-
tions of abovementioned anatomical landmarks were also mea-
sured by individual markers to ensure that reliable continuous
data were available during dynamic movements, and to minimize
soft-tissue artifacts within the choice of landmarks. The placement
of skin-mounted markers is demonstrated in Fig. 2. All the trajec-
tories of attached marker clusters and individual markers accom-



Fig. 1. A schematic representation of measurement of ultrasound tracking system and the placement of six ultrasound holders. All inserted intra-cortical bone pins and
attached six ultrasound holders were tracked and recorded concurrently by Visualeyez tracking system.
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panied with intra-cortical bone pins were measured and recorded
simultaneously.

2.4. Experimental trials

Due to interferences in the placement of six ultrasound holders
and skin-mounted markers altogether on the lower extremity, the
cadaveric experiments needed to be performed in two indepen-
dent experimental trials: (1) US-trial, i.e. ultrasound tracking sys-
tem measurement with intra-cortical bone pins; (2) SKIN-trial,
i.e. skin-mounted marker measurement with intra-cortical bone
pins. During both trials, the same intra-cortical bone pins were
used and recorded simultaneously with the other measurement
technique. For each trial, the experiment consisted of a cyclic flex-
ion and extension of the knee, performed manually. One motion
cycle started from the initial pose (approximately 45� of knee flex-
ion), and proceeded to full-extension and ended back in the initial
pose. The duration of one cycle was approximately 3 s. During the
experiments, we attempted to produce identical flexion-extension
cycle motions that produced flexion-extension ranges of approxi-
mately from 43� of flexion to 0� of extension for the two different
trials. At least five successive motions cycles were recorded for
each trial.

2.5. Quantification of tibiofemoral kinematics

All measurement data for US-trial were recorded in the Diag-
nostic Sonar FI Toolbox (Diagnostic Sonar Ltd, Livingston, UK) on
a 2.3-GHz CPU (Intel Core i7-3610QE) computer equipped with
8 GB of RAM. Custom written software in LabVIEW 2015
(National Instruments, Austin, Texas, US) was developed to
obtain 6-DOF tibiofemoral kinematics derived from ultrasound
tracking system along with corresponding ground truth
kinematics obtained from intra-cortical bone pins. The
detailed description of post processing can be found in (Niu
et al., 2017).



Fig. 2. A schematic representation of skin-mounted marker measurement and configuration of marker placement. All intra-cortical bone pins and marker clusters and
individual markers were tracked and recorded concurrently by Visualeyez tracking system.
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The SKIN-trial data were firstly processed in MATLAB R2015a
(MathWorks, Natick, Massachusetts, US), by applying a bi-
directional second-order low-pass Butterworth filter at a cut-off
frequency of 20 Hz onto the marker coordinates and reconstructing
landmarks following marker clusters. The identical bone models
and established anatomical reference frames of the femur and tibia
were imported into AnyBody Modeling System (AMS, version 6.0,
AnyBody Technology, Aalborg, Denmark) as used in the US-trial.
Anatomical landmark locations on the bone model were defined
based on bone geometry. Individual markers were used for all indi-
cated landmarks of Fig. 2 except for the greater trochanter. The
marker cluster attached to the middle thigh was used to recon-
struct the pathway of the greater trochanter landmark, due to large
soft-tissue artifacts within this position as a result of the cadaver
setup.

Two models with different knee joint definitions were used to
obtain kinematic outcomes; the hinge model and the spherical
model, representing the two most widely used idealized joint def-
initions in kinematic analysis. Both models used the knee center of
rotation as defined by the origin of the femoral anatomical refer-
ence frame (Grood and Suntay, 1983). However, the hinge model
only allowed rotation in one degree of freedom, namely around
the flexion-extension femoral axis, while the spherical model
allowed all three rotations. Since only one kinematic DOF (flex-
ion/extension) was allowed for the hinge model, the remaining
translational and rotational kinematic components exhibited con-
stant values. Specifically, the adduction/abduction and internal/
external rotation remained at zero, whereas the translations
assumed non-zero constant values, because of the tibial anatomi-
cal reference frame being at a different location than the center
of the knee joint (femoral anatomical frame). For the spherical
model, the same consideration for the translations can be made
as for the hinge model. Over-determinate kinematic analyses were
carried out based on input spatial trajectories of processed land-
marks (Andersen et al., 2009), while enforcing the relevant kine-
matic constraints for each of the two knee joint definitions. The
corresponding ground truth kinematics (i.e. obtained from the
intra-cortical bone pins) were quantified using the same routine
as for the US-trial (Niu et al., 2017).

2.6. Data analysis

Absolute errors between the ground truth kinematics and the
corresponding kinematics from the US-trial and SKIN-trial were
calculated. Mean, standard deviation (SD), and root-mean-
squared (RMS) errors were calculated. 6-DOF tibiofemoral kine-



138 K. Niu et al. / Journal of Biomechanics 72 (2018) 134–143
matics were plotted as a function of increasing sample number for
US-trial and SKIN-trial in Figs. 3 and 4, respectively. In addition, the
bias of estimated kinematics using the ultrasound tracking system,
the spherical model, and the hinge model with respect to their
respective ground truth kinematics were computed as a function
of percentage of the motion cycle (Fig. 5). The overall absolute
errors for six kinematic components were illustrated in box whis-
ker plots to intuitively display the variety of estimated kinematic
errors for the different methods (Fig. 6).
Fig. 3. 6-DOF tibiofemoral kinematic plots of US-trial in flexion-extension, abduction-a
kinematic components. Red solid line represents ground truth kinematics (reference)
kinematics derived from the ultrasound tracking system. (For interpretation of the refere
article.)
3. Results

The mean rotational errors ranged from 3.23� to 6.25� and from
2.17� to 6.12� for the spherical model and hinge model, respec-
tively. The mean translational errors ranged from 4.65 to 5.82
mm and from 4.56 to 6.39 mm for the spherical model and hinge
model, respectively. For the ultrasound tracking system, the mean
rotational errors (0.85�–2.65�) and mean translational errors
(2.00–4.35 mm) were lower than those errors of the two types of
dduction, internal-external, anterior-posterior, proximal-distal, and lateral-medial
obtained from inserted intra-cortical bone pins; blue dashed line represents the
nces to colour in this figure legend, the reader is referred to the web version of this



Fig. 4. 6-DOF tibiofemoral kinematic plots of SKIN-trial in flexion-extension, abduction-adduction, internal-external, anterior-posterior, proximal-distal, and lateral-medial
kinematic components. Red solid line represents ground truth kinematics (reference) obtained from inserted intra-cortical bone pins; orange dashed line represents the
kinematics derived from the spherical joint model; black dashed line represents the kinematics derived from the hinge joint model. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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kinematic measurements (obtained from the spherical and hinge
models, Table 1). Similarly lower errors were found in RMS errors
for the ultrasound tracking system (1.00�–3.44� and 2.52–4.88
mm) compared with the spherical model (3.38�–6.32� and 5.04–
6.26 mm) and the hinge model (2.22�–6.38� and 5.14–6.52 mm)
(Table 2).
4. Discussion

In this study, we performed cadaveric experiments in order to
compare the measurement of our novel ultrasound tracking sys-
tem with skin-mounted marker measurement for assessing the
accuracy in estimated tibiofemoral kinematics in a highly con-



Fig. 5. The biases of three kinds of kinematics (derived from the ultrasound tracking system, the spherical model, and the hinge model) with respect to ground truth
kinematics were illustrated in 6-DOF kinematic components. The shaded curves represent mean ± standard deviation of respective bias as a function of the percentage of the
motion cycle. The biases of the ultrasound tracking system were indicated in blue. The biases of the hinge model and spherical model were indicated in black and in orange
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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trolled experimental scenario. As the results have shown, the ultra-
sound tracking system could achieve relatively high accuracies in
flexion/extension (1.54� RMS error) and abduction/adduction
(1.00� RMS error), which is close to the accuracy of the mobile flu-
oroscopic system with 0.77� RMS error (Guan et al., 2016a). In
addition, the ultrasound tracking system showed the potential to



Fig. 6. Box Whisker plots of absolute kinematic errors of three kinds of kinematics derived from the ultrasound tracking system (blue), the spherical model (orange), and the
hinge model (black) with respect to the ground truth in six kinematic components. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Table 1
Mean ± standard deviation (SD) of absolute errors describing the errors associated
with three types of kinematic measurements (the ultrasound tracking system, the
spherical joint model, and the hinge joint model).

Mean ± SD Ultrasound tracking system Spherical joint Hinge joint

Flex/Ext (�) 1.39 ± 0.66 3.62 ± 1.35 3.20 ± 1.24
Abd/Add (�) 0.85 ± 0.53 3.23 ± 1.01 2.17 ± 0.44
Int/Ext (�) 2.65 ± 2.20 6.25 ± 0.98 6.12 ± 1.79
Ant/Post (mm) 4.35 ± 2.21 5.82 ± 2.31 6.06 ± 2.29
Prox/Dist (mm) 3.14 ± 1.61 4.65 ± 2.34 4.56 ± 2.38
Lat/Med (mm) 2.00 ± 1.53 4.82 ± 1.48 6.39 ± 1.25

Table 2
Root-mean-square (RMS) error describing the errors associated with three types of
kinematic measurements (ultrasound tracking system, spherical joint model, and
hinge joint model).

RMS error Ultrasound tracking system Spherical joint Hinge joint

Flex/Ext (�) 1.54 3.86 3.43
Abd/Add (�) 1.00 3.38 2.22
Int/Ext (�) 3.44 6.32 6.38
Ant/Post (mm) 4.88 6.26 6.47
Prox/Dist (mm) 3.53 5.20 5.14
Lat/Med (mm) 2.52 5.04 6.52
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measure all 6-DOF kinematics with comparable accuracy by effec-
tively reducing the propagation of STA to kinematic outcomes. In
this study, the lower accuracy in internal/external rotation (3.44�
RMS error) indicated the instability of the ultrasound tracking sys-
tem when the leg was at full-extension pose. We believed this
mainly originates from the lack of skin contact for several ultra-
sound holders caused by the deformations of surrounding soft tis-
sue when stretching. Further research will focus on the
improvement of the design of the ultrasound holders, especially
regarding to skin contact.

Different to conventional motion capture systems using skin-
mounted markers, we introduced an ultrasound technique into
kinematic measurement, thus taking advantage of the capability
of ultrasound transducer to measure underlying skeletal structure
through soft tissues, which is an extension of the navigated A-
mode ultrasound probes utilized in computer assisted orthopedic
surgery (Amstutz et al., 2003; Chang et al., 2009; Fieten et al.,
2009; Heger et al., 2002). In this study, an A-mode ultrasound
transducer (single element ultrasound transducer) could be
deemed as a virtually extended measurement line from the skin
to the bone surface. Some researchers have proposed a concept uti-
lizing A-mode ultrasound for a sweep scan on the femur to mea-
sure 3D motion through the image registration method (Masum
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et al., 2014b). The reported accuracy was in the order of sub-
millimeter and sub-degree. However, that study was performed
when a sawbone model of the femur was immersed in a water
tank. The related range of motion was relative small, only ±4 mm
and ±3�. On the other hand, the sweep scan of A-mode to generate
a 2D image was similar to B-mode ultrasound acquisition, but typ-
ically has a lower sample rate. In principle that concept is different
than our proposed A-mode ultrasound tracking system, since we
employed multiple A-mode transducers at different anatomical
locations for discrete point acquisition. Other researchers com-
bined B-mode ultrasound transducer with a motion capture sys-
tem, which could obtain one or multiple curves representing
bone surfaces (Jia et al., 2017; Masum et al., 2014a). The potential
of being less affected by STA has been validated in an in-vivo
experiment by merely measuring the depth of bone surfaces on
the greater trochanter with up to 16 mm measurement difference
to skin marker measurement (Jia et al., 2017). However, to our
knowledge, dynamic tibiofemoral kinematic measurements have
not been performed or validated in previous studies.

The framework for processing measured datasets of skin-
mounted markers has been developed by many researchers, con-
taining different kinds of MKO models besides the hinge and
spherical models which were used for comparison in this study,
e.g. parallel (Duprey et al., 2010), coupling (Bonnechère et al.,
2015), and elastic (Richard et al., 2016) models. The placement
and configuration of skin-mounted markers have also been inves-
tigated to assess the STA measurement error (Garling et al., 2007).
Although those findings showed a certain extent of mitigation of
measurement errors related to STA, the validity of representing
actual position and orientation of bone segments and related joint
kinematics have not been improved (Andersen et al., 2010; Richard
et al., 2017). This difficulty stems from the principle that process-
ing skin-mounted markers cannot provide straightforward mea-
surement of the underlying bone (Leardini et al., 2005). Current
models and mathematical optimizations are unable to tackle this
difficulty completely. Only invasive or fluoroscopic methods are
currently capable of assessing joint kinematics with desirable level
of accuracy of (2� and 2 mm) (Richard et al., 2017). Based on the
current study, the ultrasound tracking system showed the poten-
tial of being considered as an alternative to measure joint kinemat-
ics in the near future. It provides a new approach of being less
affected by STA by actually measuring bone surfaces. Thus, this
approach also has the potential to mitigate the effect of STA and
to reduce the propagation of STA to final kinematics. In addition,
no matter how the ultrasound holder shifts with respect to the
underlying bone (i.e. either ultrasound holder to skin or skin to
bone movements), as long as the underlying bone segment
remains within the ‘‘field of view” of ultrasound transducer, valid
bony points can be captured and the registration algorithm could
find an appropriate transformation to match the bone model to
the point cloud of bony points and quantify 6-DOF tibiofemoral
kinematics. When using skin-mounted markers, this type of shift-
ing would contaminate the quality of skin-mounted marker
dataset.

This work has several limitations. First, only one cadaveric spec-
imen was used for the experiments. Ideally, a cohort of living sub-
jects covering different sizes and BMIs and using advanced biplane
fluoroscopic systems as the ground truth measurement could pro-
vide more valuable information regarding to STA and its effects on
kinematics, which is related to an in-vivo validation study of the
ultrasound tracking system for future work. Second, the ultrasound
tracking system and skin-mounted marker measurement were
used consecutively instead of simultaneously. However, using
two independent measurement trials accompanied with the same
intra-cortical bone pins serving as ground truth makes the quanti-
tative comparison feasible and justifiable in this study. Third, only
hinge and spherical models were used for comparison, which have
their own limited DOF in final kinematic outcomes. However, these
two models are the most widely used representations of the knee
joint in motion analysis. Fourth, knee motion of cadaveric leg was
manipulated manually and the posture of body differed from the
normal posture, e.g. walking. Subsequently, the muscle and soft
tissue were passively stretched and compressed, which also dif-
fered from those during gait. However, to reproduce the locomo-
tion of normal gait is quite challenging in a cadaveric setting.
Fifthly, the sample rate of the whole ultrasound tracking system
was 20 Hz in this experiment, which may impede its application
on dynamic motions. However, the sample rate can be improved
by updating hardware and optimizing the data acquisition proce-
dure. In addition, the cable of ultrasound transducers may also
influence or hinder normal motions and increase complexity of this
system when employed in a clinical application. However, this
cable issue can be mitigated by carefully redesigning the ultra-
sound holders or the advances of new data transmission technique,
e.g. wireless communication. Further studies will move towards
the assessment and validation of the ultrasound tracking system
on the living subjects performing daily activities. To realize this
goal, some improvements will be completed first, such as the rede-
sign of the ultrasound holders for better skin contact and the
employment of an advanced registration algorithm. In this context,
MRI scanning will be used to replace CT scanning for in-vivo appli-
cation because of the radiation issue. With the high potential to
implement further improvements associated with the ultrasound
tracking system, we expect that a future ultrasound tracking sys-
tem could estimate 6-DOF tibiofemoral kinematics with an accu-
racy within the range of fluoroscopy measurements (Guan et al.,
2016a, 2016b) and provide a valid representation of bone segments
in the knee joint, which will aid in gait analysis and disclosure of
some pathological features.
5. Conclusion

We proposed a quantitative comparison of tibiofemoral kine-
matics estimated using an ultrasound based tracking system ver-
sus traditional skin-mounted markers system with hinge and
spherical knee joint models. The ultrasound tracking method
resulted in lower kinematic errors, in the experimental conditions
investigated, and could represent a viable alternative to traditional
system, which could improve the measurement accuracy of bone
and joint kinematics. This new ultrasound based kinematic mea-
surement technique thus provides a useful approach to study joint
motion for musculoskeletal modeling and biomechanical research
communities.
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