A Novel Ultrasound-Based Lower
Extremity Motion Tracking System

11

Kenan Niu, Victor Sluiter, Jasper Homminga,
André Sprengers, and Nico Verdonschot

Abstract

Tracking joint motion of the lower extremity
is important for human motion analysis. In
this study, we present a novel ultrasoundbased motion tracking system for measuring
three-dimensional (3D) position and orientation of the femur and tibia in 3D space and
quantifying tibiofemoral kinematics under dynamic conditions. As ultrasound is capable
of detecting underlying bone surface noninvasively through multiple layers of soft tissues,
an integration of multiple A-mode ultrasound
transducers with a conventional motion tracking system provides a new approach to track
the motion of bone segments during dynamic
conditions. To demonstrate the technical and
clinical feasibilities of this concept, an in vivo
experiment was conducted. For this purpose
the kinematics of healthy individuals were
determined in treadmill walking conditions
and stair descending tasks. The results clearly
demonstrated the potential of tracking skeletal
motion of the lower extremity and measuring
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six-degrees-of-freedom (6-DOF) tibiofemoral
kinematics and related kinematic alterations
caused by a variety of gait parameters. It was
concluded that this prototyping system has
great potential to measure human kinematics
in an ambulant, non-radiative, and noninvasive
manner.
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11.1

Introduction

Measuring skeletal motion occurring in the human joints is important to understand the functions of human joints [1], to assist the pathological diagnoses [2] and to monitor the actual threedimensional (3D) positions of bone segments
during surgeries [3] (e.g., total hip arthroplasty
[4] (THA), total knee arthroplasty [5, 6] (TKA))
and to assess the outcomes of treatments [7,
8]. Skeletal kinematic data may be used in motion analyses combined with biomechanical modeling, e.g., musculoskeletal models for inverse
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dynamics approaches [9, 10]. Hence, a valid representation of actual skeletal motion and an accurate skeletal kinematics estimation is important
in the fields of orthopedic research and human
motion analysis [11]. However, the fact is that
human skeletal structures are not exposed to the
outside environment but are surrounded by the
soft tissues (the muscles, the fat, the skin, etc.).
Therefore, an effective measuring technique that
could directly or indirectly detect the motion of
the bone is necessary to monitor and trace the
movements of bone segments underlying the skin
surface [12, 13].
Currently, skin-mounted markers are widely
used in human motion analysis to estimate
the motions of bones by assuming no relative
motions between the skin and bone [14].
However, this method is subject to soft tissue
artifacts (STA) because the markers attached
on the skin cannot represent the actual motions
of underlying bone segments [15]. It has been
reported that STA can cause measurement errors
of markers up to 30 mm in the thigh [16]. 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 [17]. Although
many researchers attempted to compensate for
the STA by computer modeling [13, 18–24],
no significant improvement has been found in
previous studies [12].
With the development of medical imaging
technologies, fluoroscopic systems have been utilized to capture high accurate joint kinematics in the prosthetic measurement for TKA patients [25–27]. However, high cost, cumbersome
setup, and limited field of view (FOV) impede
routine usage in the clinical setting. Recently,
several groups have been working on the development of mobile fluoroscopy systems [28,
29]. Although using a robotic trolley or gantry
carrying the fluoroscopic system following the
movement of subject extends the FOV, the radiation exposure to the subject remains inevitable.
Recently advanced four-dimensional (4D) MRI
[30–32] and CT [33, 34] techniques have been
reported to track the bone motion and to quantify
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the respective joint kinematics inside the scanners [30–32]. The disadvantages of this method
are the limited FOV, limited sample rate, and
the inability to measure kinematics during daily
activities.
Besides abovementioned image modalities,
ultrasound serves as a noninvasive and nonradiative imaging method to observe the soft
tissues and internal organs in various clinical
applications [35]. In addition, ultrasound is
also capable of detecting bone surfaces through
multiple layers of soft tissues [36]. Utilization
of an ultrasound transducer combined with a
surgical navigation system to accomplish the
intraoperative registration of bone segments has
been reported in computer-assisted orthopedic
surgeries [37–39]. Due to its capability of
detecting a bone surface under dynamic
motions, the combination of multiple ultrasound
transducers with conventional motion capture
markers provides a new approach to estimate the
3D positions and orientations of bone segments
and to quantify related joint kinematics. The
bone detections (i.e., depths from the skin to
bone) accompanied with corresponding spatial
positions (3D coordinates of the ultrasound
transducers) provide sufficient information
to reconstruct the 3D bone motion per time
frame without the effect of STA that exists in
skin-mounted marker measurements. In vitro
validation of this concept has been investigated
for the knee joint in a previous study [40], which
showed a relative high accuracy on the estimated
tibiofemoral kinematics. The comparison with
conventional skin-mounted markers measurement also has been conducted to assess the
performance against widely used skin markers
measurements. The ultrasound tracking system
showed high accuracy in estimated 3D bone
positions and quantified six-degrees-of-freedom
(6-DOF) joint kinematics (maximum root-meansquare (RMS) error 3.44◦ for rotations and 4.88
mm for translations). However, to evaluate the
capability of tracking knee joint motions and
quantifying 6-DOF tibiofemoral kinematics of a
variety of daily activities for living subjects is a
crucial step to explore its technical and clinical
implementation.
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The aim of this study was to demonstrate and
assess the in vivo capability of our proposed
ultrasound tracking system when healthy subjects performed several daily activities, including
treadmill walking at three different speeds and
stair descent. We expected that kinematics alterations caused by different imposed gait parameters could also be identified by the ultrasound
tracking system.

11.2
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obtained MRI images were segmented manually
to generate subject-specific geometrical surface
models of the femur and tibia using Mimics 17.0
(Materialise N.V., Leuven, Belgium), which were
exported in STL format. The femoral and tibial
anatomical reference frames (ARF) were then
defined based on obtained bone geometries using
a method previously described [41]. Approval of
this study (2017-3578) was obtained from the
Ethical Committee at the Radboud University
Medical Center (RUMC).

Methods

11.2.1 Participants

11.2.2 Ultrasound Tracking System

Five subjects (five males, age 37 ± 10 years,
height 180 ± 8 cm, weight 75.4 ± 14.1 kg)
participated in this study. Although only one
subject had a meniscus operation four years ago,
there was no influence and/or complaints on
performing exercises reflecting daily activities
as conducted during this experiment. The other
subjects have no history of injury, treatment, or
disorder affecting knee and hip functions. All
subjects gave written informed consent. Prior
to the experiment, each subject had an MRI
scan using a Philips INGENIA 3T (BEST, the
Netherlands) with a voxel size of 0.5 mm ×
0.5 mm × 1 mm at the Radiology Department
of Academisch Medisch Centrum (AMC, Amsterdam, Netherlands). After the MRI scan, the

The ultrasound tracking system consisted of a
conventional motion tracking system and an
ultrasound signal acquisition system. In this
study, we used Visualeyez VZ4000v system (PTI
Phoenix Technologies Inc., Vancouver, Canada)
equipped with two trackers to provide spatial
positioning (see Figs. 11.1 and 11.2) with less
than 0.5 mm RMS error [42]. The ultrasound
signal and marker positioning information was
collected and synchronized in the Diagnostic
Sonar FI Toolbox (Diagnostic Sonar Ltd,
Livingston, UK) with 2.3 GHz CPU (Intel Core
i7-3610QE) and 8GB RAM with a custom
acquisition program written by LabVIEW
(National Instruments, Austin, Texas, USA).
Thirty A-mode ultrasound transducers (7.5 MHz,

Fig. 11.1 (a) A side view of experimental setup, including two Visualeyez trackers to track the optical markers on
ultrasound holder; (b) a front view of experimental setup,

one subject wore all ultrasound holder and performed
a treadmill walking task; (c) a subject performed stair
descent with the ultrasound tracking system measurement
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Fig. 11.2 A schematic representation of the experimental setups for treadmill walking (left) and stair descent
(right). Two Visualeyez trackers were used to record
the spatial information of attached ultrasound holders.
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Diagnostic Sonar FI Toolbox received all raw ultrasound
signals and was synchronized with collected spatial information from Visualeyez trackers

Fig. 11.3 A schematic representation of the A-mode ultrasound system to quantify tibiofemoral kinematics from
obtained point cloud. Also shown is the placement of ultrasound holders on the right leg

focus at 2.5 cm, Imasonic SAS, Voray/l’Ognon,
France) and 27 active optical markers (tracked
by Visualeyez system) were installed into the
custom ultrasound holders. The ultrasound
holders cover various anatomical areas on the
lower extremity, including ankle, middle shaft
of tibia, tibial condyles, femoral epicondyles,
middle thigh, and great trochanter (Fig. 11.3).
The ultrasound holders were designed in
SolidWorks (Waltham, Massachusetts, USA)
and manufactured using polyamide powder

material in 3D printer (EOS Formiga P110,
EOS GmbH, Krailling, Germany) to insure high
accuracy on their 3D geometrical structures for
maintaining the strength, rigidity, and stability.
Therefore, the spatial relations between each
A-mode ultrasound transducer and each optical
marker were known parameters. Hence no further
physical calibration is required as this is build-in
design.
The US transducers attached to the customized ultrasound holders reproduce the
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necessary information (i.e., the 3D discrete
point cloud) to reconstruct bone motion
through the obtained raw ultrasound signals
and spatial information. A brief description of
this processing can be found in our previous
paper [40]. The ultrasound detected point can
be digitalized 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. For each subject, the anatomical
landmarks (ankle, middle shaft of tibia, tibial
condyles, femoral epicondyles, middle thigh,
great trochanter) were manually digitalized in
the segmented bone models, which will be used
in point cloud registration. The yielded discrete
point cloud was fed to a registration algorithm,
using a modified weighted iterative closest point
algorithm [43, 44] to get the transformations
from the original geometrical surface models
to the actual 3D positions and orientations of
bone models in the laboratory coordinate system.
The raw ultrasound signals from 30 (15 for the
femur and 15 for the tibia) A-mode ultrasound
transducers and the raw 3D coordinates of 27
optical markers were synchronized and recorded
at 45 Hz sample rate. Thus the 3D discrete point
cloud was reproduced in 45 Hz sample rate
during experiment. The respective tibiofemoral
kinematics were derived from the method based
on the ISB recommendations [45, 46].

11.2.3 Experiments
The ultrasound holders were attached to the right
leg of each subject and were fixated by using
skin tapes in order to cover all needed anatomical
areas without any hindrance during movements.
After attaching all ultrasound holders, each subject performed two sets of trials: (1) walking
at three different imposed speeds (1 km/h, 2
km/h, and 3 km/h) on the treadmill and (2) stair
descent from two consecutive stairs (first stair,
18 cm height; second stair, 21cm height, next
to the ground). For treadmill walking, at least
five gait cycles were recorded for each trial. For
the stair-descent trial, each subject was asked to
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repeat three times for stair-descent trial and was
always asked to step the right leg at first for
each stair. It took about one and a half hours to
complete an experiment of one subject, including
attachment of ultrasound holders to the subject,
the calibration procedure, and all measurements
of all trials.

11.2.4 Data Processing
After all experiments, 3D knee joint motions
and 6-DOF tibiofemoral kinematics were calculated for all trials over all gait cycles and
three repeated stair-descent cycles. The calculated 6-DOF tibiofemoral kinematics of treadmill
walking were averaged across five subjects under imposed three treadmill speeds. The mean
and standard deviation across five subjects of
calculated 6-DOF tibiofemoral kinematics for
the stair-descent cycles were illustrated as the
functions of percentage of two-stair descending
(100% represent one complete cycle of one-stair
descending; thus completed cycle is 200%).
To demonstrate the capability of detecting
the bony surfaces from different anatomical areas and the capability of detecting the changes
of depth of detected bone surface caused by
soft tissue deformation, several M-mode (motion
mode) ultrasound images were generated. Mmode image is defined as motion display of the
ultrasound wave along a chosen ultrasound line
(in our case, a single ultrasound transducer element) during a time period. Its x-axis represents
the number of samples. Its y-axis represents the
intensity of received echo in a color map. It
provides a two-dimensional view of the depth
changes.

11.3

Results

The mean of 6-DOF tibiofemoral kinematics
across five subjects under imposed three different
treadmill speeds are illustrated in Fig. 11.4
The mean ± standard deviation of 6-DOF
tibiofemoral kinematics across five subjects
during stair descending is shown in Fig. 11.5.
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Fig. 11.4 Averaged 6-DOF tibiofemoral kinematics across five subjects for imposed three different speeds: 1 km/h
(red line), 2 km/h (green line), and 3 km/h (blue line)

11.3.1 Treadmill Walking
The largest rotation motion was flexionextension, followed by external-internal rotation
and adduction-abduction. The peak knee flexion
at the swing phase increased with increasing
imposed speed. At heel strike, the knee was
not fully extended (reach 0◦ ) at all three
imposed speeds. As the imposed treadmill speed

increased, the extension angle of the knee joint
increased at heel strike. The knee joint distraction
started to increase from the heel strike and
reached the peak until the swing phase started.
Walking at the lowest imposed speed resulted in
the smallest range of motion (ROM) for all 6DOF kinematics compared to a higher imposed
speed. We illustrated the M-mode images in two
groups: (1) several anatomical areas at thesame
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Fig. 11.5 6-DOF tibiofemoral kinematics for two consecutive stairs descending across five subjects. The solid
line represents the mean data while the shaded areas
represent ± 1 standard deviation from the mean. One

hundred percent of stair descending cycle represents the
completion of the first floor. Two hundred percent of stair
descending cycle represents the completion of the second
floor

treadmill speed (lateral side of middle femur,
anterior side of middle femur, femoral lateral
epicondyle, medial side of middle tibia at 1
km/h) and (2) three different treadmill speeds of
an identical location (lateral side of middle femur
at 1, 2, 3 km/h).

11.3.2 Stair Descending
The mean flexion angle across five subjects
reached the first peak (35.1◦ ) during stepping
down the first stair (18 cm) and reached the
second peak (41.0◦ ) during stepping down the
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Fig. 11.6 Left: the examples of six M-mode images
of one subject: x-axis of M-mode image represents the
number of samples, y-axis of M-mode image represents
the intensity of received ultrasound echo in a color map;
(a, b, c) the M-mode images for lateral side of middle
femur location at 1 km/h, 2 km/h, and 3km/h, respectively;

(d) the M-mode image for anterior side of the middle
femur at 1km/h; (e) the M-mode image for femoral lateral
epicondyle at 1km/h; (e) the M-mode image for medial
side of middle tibia at 1km/h; right: the illustration of
abovementioned anatomical locations on the femur and
tibia

second stair (21 cm). The knee joint distraction
started to decrease when the right leg reached
the next floor level and started to flex the knee to
support the increasing pressure on the right knee.
When the contralateral foot reached the same
floor, the joint distraction began to increase until
flexion angle was as the same as neutral standing.
The similar changing pattern of joint distraction
happened during stepping down to the second
floor level.

had the smallest, since the thickness of soft tissue
is the smallest compared to other locations. The
anterior and lateral sides of the middle femur
had the large variation in detected bone depth, as
the thickness of soft tissue is the largest to other
location.

11.3.3 M-mode Images
The examples of several M-mode images of one
subject were illustrated in Fig. 11.6. The frequency of depth changing on the lateral side of
middle femur was increased with the increase
on the imposed treadmill speed. The changing
range of depth also increased with the increases
of speed. The depth changing at same speed was
different for various anatomical locations. The
depth changing of medial side of middle tibia

11.4

Discussions

We presented a novel method to dynamically
track the knee joint motion and to quantify 6DOF tibiofemoral kinematics in a noninvasive
and non-radiative manner. The combination of
multiple A-mode ultrasound transducers with a
conventional motion capture system provides an
alternative method to capture skeletal motions
and kinematics with mitigating the effect of
STA. In this study, the in vivo capability of our
proposed ultrasound tracking system to measure
knee joint motion and to quantify 6-DOF
tibiofemoral kinematics was demonstrated in two
motor tasks of daily activities. The kinematic
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alterations caused by different gait parameters
have also been identified by ultrasound tracking
system. The peak flexion angle during swing
phase on treadmill walking reduced apparently
when participants walked at the slow imposed
speed, which is in accordance with the findings
in previous study [47]. Similarly, a smaller
ROM was associated with a lower imposed
speed during walking for all 6-DOF tibiofemoral
kinematics [47]. The patterns of obtained 6-DOF
tibiofemoral kinematics on the treadmill waking
were in accordance with those of previous
tibiofemoral kinematic outcome derived from
a mobile fluoroscopy system [48]. For the
stair descending, the peak flexion angle was
correlated with the height of the stair level. The
kinematic alterations caused by small changes
of gait parameters could be recognized by our
ultrasound tracking system, which proves a
certain extent of sensitivity of ultrasound tracking
system.
The novelty of this study lies in the secondary
development of existed techniques, i.e., motion
capture and ultrasound imaging. Taking advantage of ultrasound techniques extends the range
of detection of a conventional motion capture
system from superficial skin surface tracking to
internal bony surface tracking. As a consequence,
the sufficient spatial information (trajectories) of
bony segments under the skin surface contributes
to the accurate bone motion tracking and accurate
kinematic estimation.
When comparing the ultrasound tracking system to the conventional skin-mounted markers
measurement, the advantage is the removal of
STA on the measurement data and its propagation
on kinematic outcomes [49]. As demonstrated
in the examples of M-mode images, A-mode
ultrasound transducers has the capability of detecting the depth changing of bone surfaces on
different anatomical areas. The capability could
improve the validity of representing actual bone
movement, since the trajectories of bone surfaces will be measured instead of superficial
skin surfaces. A comparison with a skin-mounted
marker measurement in a cadaveric setting has
been conducted in our previous study. However,
a critical comparison with a skin marker system
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under in vivo conditions is necessary, particularly if a ground truth method (e.g., an advanced
mobile fluoroscopy system) [28, 29] can be incorporated. Currently, the FOV of our system
is the same as the conventional motion capture
systems, since it only depends on the FOV of the
employed motion capture system. In addition, the
length of the cables connected to the ultrasound
transducers also restricts the maximum dynamic
motion range. However, this aspect can be solved
reasonably easy by extending the length of cables
or employing an ambulant acquisition terminal
instead of a stand-alone desktop computer on the
side.
This work has several limitations:
Firstly, no “ground truth” measurement was employed during experiment. There is no a noninvasive and non-radiative method to obtain
the ground truth of movements (walking and
stair descent). Available methods like intracortical bone pins and fluoroscopic systems
could potentially harm the subjects. An in vivo
validation study will be completed in the near
future so that the results would facilitate the
improvements of current system and provide
valuable comparisons with existed techniques.
Secondly, only five healthy subjects were involved in this study. Ideally, a cohort of living
subject covering different patients and healthy
groups with different sizes and BMIs accompanied with a ground truth measurements as a
reference (e.g., advanced mobile fluoroscopy
system) [28, 29] could provide more valuable
information with regard to the pathological
patterns on kinematics.
Thirdly, a standardized definition of the femoral
and tibial ARF across different subjects is
imperative for 6-DOF joint kinematics analysis. Since the discrepancies of the defined
femoral and tibial ARF among different subjects caused the deviations on all 6-DOF kinematic outcomes and patterns for various motor
tasks. In further study, a standardized definition of femoral and tibia ARF across different
subjects should be proposed in order to eliminate the intrinsic variations among defined
femoral and tibial ARF.
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Fourthly, it has been shown that gait patterns on
a treadmill are different to freely normal level
walking [48]. However, in this study, the focus
was on the demonstration of knee joint motion tracking during dynamic movements and
detecting the kinematic alterations caused by
different imposed treadmill speed and heights
of staircase. Treadmill speed is a convenient
parameter to change under a highly controlled
scenario.
Fifthly, the cables and skin tapes may influence
the nature gait pattern for individuals. In the
future, we are aiming to develop a miniature
and lightweight system toward a wearable
measurement system that would facilitate its
implementation in the clinic. Furthermore, future study will also focus on the improvement
of designing the ultrasound holders in term of
lighter, smaller, user friendly, and ergonomic
design. These improvements on designs of
ultrasound hold would be beneficial to popularize our system in a broader application field
and to facilitate the usage among a cohort of
subjects.
In summary, we developed an alternative, ultrasound tracking system that is capable of measuring knee joint motion. Hence, we conclude
that this prototyping system has great potential to
measure human kinematics in an ambulant, nonradiative, and noninvasive manner.
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