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Abstract
The recent advancement of motion tracking technology offers better treatment tools for conditions, such as movement
disorders, as the outcome of the rehabilitation could be quantitatively defined. The accurate and fast angular information
output of the inertial measurement unit tracking systems enables the collection of accurate kinematic data for clinical
assessment. This article presents a study of a low-cost microelectromechanical system inertial measurement unit-based
tracking system in comparison with the conventional optical tracking system. The system consists of seven microelectro-
mechanical system inertial measurement units, which could be mounted on the lower limbs of the subjects. For the feasi-
bility test, 10 human participants were instructed to perform three different motions: walking, running, and fencing
lunges when wearing specially designed sleeves. The subjects’ lower body movements were tracked using our inertial
measurement unit-based system and compared with the gold standard—the NDI Polaris Vega optical tracking system�.
The results of the angular comparison between the inertial measurement unit and the NDI Polaris Vega optical tracking
system were as follows: the average cross-correlation value was 0.85, the mean difference of joint angles was 2.00�, and
the standard deviation of joint angles was 2.65�. The developed microelectromechanical system–based tracking system
provides an alternative low-cost solution to track joint movement. Moreover, it is able to operate on an Android plat-
form and could potentially be used to assist outdoor or home-based rehabilitation.
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Introduction

Motion tracking has received extensive attention since
the 1990s.1–4 Several techniques allow for motion recon-
struction based on different information sources. As
one of its primary applications, motion tracking has
been used for monitoring rehabilitation progress of
movement disorders.5 Movement disorders refer to a
group of conditions that are related to the nervous sys-
tem and cause unusual body movements. Common
movement disorders include Huntington’s disease6 and
Parkinson’s disease.7,8 As an example, Parkinson’s dis-
ease is a chronic neurodegenerative disorder that has
affected 1 million people in the United States and 5 mil-
lion people worldwide.9 There is a specific type of reha-
bilitation, called neurorehabilitation, aimed at treating
conditions, such as movement disorders, where patients
repetitively move their limbs so that the functional pat-
terns can be produced. The motion tracking could

provide feedback to the patients as well as the therapist
in real time.

One of the biggest challenges in motion tracking is
to obtain an accurate estimation with non-invasive sen-
sors within a confined workspace. A mainstream solu-
tion is to use the optical tracking system (OTS). The
NDI Polaris Vega� system, for example, delivers a
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tracking accuracy of 0.12mm root mean square (RMS)
and 95% confidence interval accuracy to 0.2mm at a
measurement rate of 60–250Hz. The main disadvan-
tage of the OTS is the requirement for a clear line-of-
sight between the patient, the instrument trackers, and
the optical cameras.

Recently, a type of inertial measurement unit (IMU)
called microelectromechanical system (MEMS) IMUs
has given a new surge to motion tracking research.10–13

These systems are cost-effective for providing accurate,
non-invasive, and portable motion measurements. The
primary point of interest in these systems is that they
can overcome the limitations of optical systems and
mechanical trackers. In one of the early studies, Ren
and Kazanzides14 used raw data from a class of minia-
turized IMU—integrated system of the magnetic field,
angular rate, and gravity (MARG)—to estimate the
orientation of a surgical instrument; this again demon-
strated the IMU’s ability to track movement.

Much research work has been published based on
motion tracking using different types of IMUs, such as
Xsens,15 Opal,16 and Noraxon.17 In the area of joint
movement, Kobashi et al.18 presented a method to mea-
sure the knee joint angle using MARG; however, the
sensor is not cost-effective for the users. Müller et al.19

have developed a model to measure elbow angles, which
introduced a concept of self-calibration. Mundt et al.20

published a comprehensive assessment of using both
IMUs and optoelectronic systems for 3D joint angles
measurement. However, the tasks were limited, for
example, walking and stair-step exercises. The system
developed in this article was different from the existing
ones as it could operate on an Android smartphone
environment, as explained in the author’s previous pub-
lication.21 The smartphone application provides real-
time movement tracking so that the users can carry out
repetitive and straightforward rehabilitation exercises
in home or outdoor environment. Furthermore, the

kinematic data collected by the application could be
uploaded and shared with the physical therapists for
future treatment planning.

In this study, the tracking accuracy of our MEMS
IMU-based tracking system was quantitatively
assessed, and the results were compared with the NDI
system (NDI, Ontario, Canada) for three different typi-
cal OTS tasks: walking, running, and fencing lunges.
The NDI was used because it is highly accurate and
easy to set up. One limitation of the study is that only
2D body movements were studied. This is because our
focus was on the angular variations of the hip, knee,
and ankle only within the sagittal plane. Therefore, we
believe that 2D kinematic analysis is sufficient in this
study. However, in the future, a 3D kinematic analysis
may be carried out as it could help reveal more move-
ment details.

Table 1 highlights the differences between our sys-
tem and the existing ones. First, the system offers a
low-cost solution compared to the existing systems.
Second, the MEMS IMU system can output accelera-
tion reading in real time since a built-in accelerometer
was included. In contrast, the systems like the OTS can
only calculate acceleration based on the trajectories of
reflective markers. With the acceleration information,
the users would benefit from knowing how fast they
can perform an exercise. Moreover, the MEMS IMU
system was wireless and wearable by the test subject,
providing a high degree of flexibility required for exer-
cise, whereas the OTS has field-of-view and line-of-
sight problems. When using the OTS, tracking errors or
phantom points are generated when the reflective mar-
kers are blocked or not positioned correctly. However,
some limitations of MEMS IMU systems are that the
IMU can suffer from drift due to instrumentation
biases, and more affordable IMUs are prone to noisy
data and a lack of precision relative to other tracking
systems.

Table 1. Comparison of functionality between our system and the existing ones.

Robotics system VR rehabilitation OTS system Our system

Low-cost solution No,
price range:
US$18,000–
US$40,00022,23

No,
price range:
US$1400–
US$200024,25

No,
price range (passive system):
US$150,000–
US$250,00026

Yes,
the IMU modules
cost US$280,
3D printing material
US$10, and flexible bands
US$20. The total
cost is US$310.

Easy-to-use No Yes No Yes
Outdoor use No No No Yes
Exercise
range limitation

No Yes, near a station
(desktop, laptop)27

Yes, within the coverage area
of the camera system,
NDI tracking range: 2400 mm28

No

Portable No No No Yes
Data logging Yes Yes Yes Yes
Data sharing No No No Yes
Acceleration info No No No Yes
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Materials and methods

The purpose of this study was to develop a new MEMS
IMU-based angular tracking system that could be inte-
grated with an Android platform to monitor human
movement. Figure 1 shows the tracking system as well
as the mounting locations of the sensors.

IMU system design

The system was designed to track the whole body pos-
ture with seven mountable IMU sensors. Each sensor
outputs the movement angle of different parts of the
leg. A therapist may evaluate the performance of the
patient based on the recorded angular data. The speci-
fications of the tracking system are shown in Table 2.

Figure 2 shows the IMU sensor’s internal compo-
nents and how the IMU is integrated with the optical
markers and the overall set up design.

Participants

In total, 10 healthy human volunteers (sex: M/F, age:
. 18 years, body mass: 756 10kg, height: 1706 10 cm)

were recruited in this study. The study was carried out
with approval from the University of Georgia
Institutional Review Board. All participants were pre-
screened by the eligibility assessment. The inclusion cri-
teria for the study were healthy adults who exercise reg-
ularly. The exclusion criteria were the knee/ankle
problems, non-healing wounds, ulceration, gangrene,
pain with exercise, pain at rest, claudication, arterial
grafts or clots, walking impairments, or extremity pain
from other causes, and cardiovascular disease. The par-
ticipants gave informed consent to their inclusion in the
study as required, and the work adhered to the
Declaration of Helsinki. Each participant performed
three different motions: walking, jogging, and fencing
lunge. The overall exercise time was about 25min,
including preparation.

Planned exercise

In this study, three different exercises were planned:
walking, running, and fencing lunge. For the walking
task, the average walking speed is 3.2 km/h. For the jog-
ging task, the average running speed is 5.1 km/h. For
the fencing lunge task, the participant was instructed to

(a) (b)

Figure 1. (a) The overview of the tracking system with reflective markers and (b) mounting locations on the hip, knees, and ankles
of end users. The IMU modules were placed on the outer surface of the hip, knees, and ankles.

Table 2. Head-to-head comparison between the IMU and the NDI optical tracking system.

Specification of the IMU system NDI

Dimensions For individual sensors: 37(L) 3 34(W) 3 19.7(H) mm 591(L) 3 103(W) 3 106(H) mm
Components Reed switch

12(L) 3 2.9(W) 3 1.4(H) mm
Near-infrared (IR) light

30(L) 3 30(W) 3 1(H) mm
Maximum range:
Acceleration: 6 16 g
Angular speed measurement: 6 2000�/s
Angular measurement: 6 180�
Accuracy of angular reading: 0.01�
Sampling rate: 50 Hz

IR sensor, sampling rate: 60 Hz

Communicate to smartphone
Valid range: 10 m

Reflective markers

Li et al. 3



perform one lunge motion. The average speed is
4.8 km/h. Both the IMU and NDI data were collected
in the same trials.

Application of NDI

The experiment was set at a distance of 1.5m from the
NDI, and the walking distance was set at 2m for mar-
kers to remain in the detectable range. NDI claims to
have a volumetric accuracy of 0.12mm RMS.
However, three main challenges when using the NDI
are the blockage of optical markers during exercise, the
alignment between the optical markers, and the posi-
tioning of optical markers relating to the IMU sensors
and tracking range of NDI. In addition, the position of
the optical markers (NDI) and IMU sensors for each
wearable sleeve had to be on the same plane and cen-
terline so that there would be the same pivot point for
the calculation of angles. The calculations use a two-
line angle determination as opposed to a three-vertex
angle determination (Figure 3). Each limb segment had
a sleeve where the IMU was sewn into place following
the longitudinal axis of the pertinent segment. Two

NDI markers were placed around each IMU, one
superior and one inferior to the IMU along the same
longitudinal axis (Figure 1). The two markers would
then be able to be two points on a line that imitated the
segment’s position and motion. This line could then be
analyzed relative to other limb segment lines for deter-
mining the angle between two segments and, thus, the
joint angle. This allowed us to disregard the interpreted
position of the joint determined by the NDI that would
have resulted from placing one marker per segment
with a median marker placed on each joint. This was
preferred because joints are complex anatomical objects
that do not move as consistently as limb segments due
to the internal structure, causing the outer skin to move
and stretch in all directions, which would make joint
angle calculations less accurate.

Furthermore, the two-line determination allows for
consistent data collection and interpretation across
both data sets since IMUs also use a two-line determi-
nation. The body movement for a full exercise cycle
was studied to ensure the kinematic equations were
generalized and could be applied to different scenarios
(walking, jogging, and fencing lunges). The movement

(a) (b) (c)

Figure 2. (a) The interior structure of the IMU sensor, which has a gyroscope and an accelerometer, a microprocessor, a battery, a
Bluetooth module, and a switch. All the components were placed in a 3D-printed case, (b) the coordinate system of the IMU sensor,
and (c) the experimental set up for human trials. The blue lines on the floor are the measuring distance, and the IMU sensor was
mounted on human participants using flexible bands. The NDI equipment was set on the table at a detectable distance to the
participants. The control console was placed nearby for data recording.

(a) (b) (c) (d)

Figure 3. (a) NDI lower-limb kinematic analysis and NDI segmented kinematics analysis for each NDI marker on the (b) hip, (c)
knee, and (d) ankle. Each segment was defined based on the joint region between the waist and the thigh, the thigh and the leg, the
leg and the foot, respectively.
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cycle of a fencing lunge has five significant steps: (1)
on-guard position, (2) lifting of the lead leg, (3) forward
flying phase of the lead leg and push-off with the trail
leg, (4) landing of the lead foot, and (5) final lunge
position.

Design consideration of MEMS IMU-based angular
tracking system

Three main design criteria were addressed in this study.
The first criterion was the orientation of the IMU.
Since the IMUs commonly have a drift problem on the
yaw angles, the orientation of the IMU was set to be
vertical (Figure 2(b)). Therefore, the reading of yaw
angles from the Z-axis did not need to be used as the
experiment consisted of two-dimensional motion analy-
sis. The pitch and roll angles were calibrated with the
gravity vector, and therefore drifting was not an issue.
The second criterion was the mounting method and the
positioning of the IMU. During the jogging and fen-
cing lunge exercises, the IMU module could be easily
detached from the body. The solution was to use a
stretchable waist, thigh, and foot sleeves with the IMU
sensors sewn on the surface. With this design, not only
could the sensors be mounted more securely and ade-
quately on the designated position but less time was
also required for the test preparation.

In addition, the sleeves were more comfortable and
were able to fit many different body types with no
adjustment. This proper fitting also disallowed signifi-
cant relative movement of the components during and
in between exercises. The final criterion was the deriva-
tion of joint angles from the IMU data. As mentioned
for the NDI, the pivot point was defined as the intersec-
tion between two straight lines projected from the two
longitudinal markers on each sleeve, and each straight
line was defined by the physical position of the IMU
sensors as the markers were placed equidistant from the
IMU. By centering the IMU between the two markers,
this allowed for the NDI and IMU local coordinate sys-
tems of each limb segment to have similar origins to
facilitate data analysis after the experiment better.

Kinematics analysis

The kinematic analysis has two separate parts. The first
part is to analyze and derive one set of equations
describing the joint angles using the positional markers
(NDI). The second part is to derive another set of
equations describing the joint angles using the orienta-
tion of the IMU sensors. Table 3 shows all the symbols
used for kinematic analysis. For angle u#ny and u#nx, the
measurements were taken directly from the gyroscope
module inside the IMU and displayed on the user inter-
face of the PC software.

Kinematics analysis for NDI system. Figure 3 shows the
detailed kinematics analysis for the NDI system; the

optical markers have been placed on the waist, thigh,
and leg sections of the human body. Three segments
were used to construct the model: the waist, knee, and
ankle (Figure 3(b)–(c)). The hip segment was defined as
the joint region between the waist and thigh sections of
the human body. The knee segment was defined as the
joint region between the thigh and leg sections of
the human body; the ankle segment was defined as the
joint region between the thigh and foot sections of the
human body. Equations (1)–(9) in the Supplemental
Appendix show how to calculate the hip, knee, and
ankle angles based on the two pairs of reflective
markers.

Kinematics analysis for MEMS IMU-based angular tracking
system. Figure 4 shows the detailed kinematics analysis
for the IMU system. Equations (10)–(18) in the
Supplemental Appendix show how to calculate the hip,
knee, and ankle angles based on the two IMUs.

Pretest calibration

The IMUs were calibrated through a method named
static test to reduce the tracking errors of angular mea-
surement. In detail, each IMU module was placed on a
flat surface and rotated on three axes, one at a time.
The axis alignment between the IMU module and the
surface was calibrated. After the calibration, another
test was carried out on an inclined surface with an
adjustable angle. The angular reading from the IMUs
was then compared to a protractor, which was used as
a reference. If the angular difference between the IMUs
and protractor is less than 0.05�, the IMUs were ready
to use in the exercises.

Statistical tool

In this study, the cross-correlation method was used to
assess the similarity between two sets of data—the IMU
and the NDI. As the sampling rate of two systems is
different, in order to do cross-correlation, the raw data
of each system were first pre-processed and ensured that
the time stamp was consistent for both data sets. The
cross-correlation method allows for an angle-to-angle

Table 3. Variable definitions for kinematic equations.

Variable Definition

uh,, uk, ua Hip, knee, and ankle joint angle for the
NDI

un Segment angles for the NDI
xn, yn X and Y coordinates from the NDI

system for positional markers
u#h,, u#k, u#a Hip, knee, and ankle joint angle for the

IMU
u#n Segment angles for the IMU
u#ny, u#nx Angular readings of pitch and roll from

the IMU

Li et al. 5



comparison of the angular variation between the NDI
and IMU over a certain period.

This pre-processing included the following processes:
first, all the collected raw data were checked and
cleaned; since the NDI’s sampling rate (60Hz) was dif-
ferent from the IMU’s sampling rate (50Hz), it is
important to adjust the sample sizes from both systems
and make sure they are identical. Moreover, each sys-
tem’s data set was aligned according to the peaks of the
calculated angles.

Results

Detailed result of one participant

The results of the gait analysis of one participant are
shown in Figure 5. The blue line is the NDI data, and
the orange line is the IMU data.

Overall results of 10 participants

The angular variations of the hip, knee, and ankle dur-
ing walking and jogging for all 10 participants are
shown in Figure 6.

A cross-correlation method was used to evaluate the
difference between the results from the NDI and IMU.
The R-value for walking, jogging, and lunging was
0.85, 0.80, and 0.90, respectively (Figure 7). The stan-
dard deviation between the IMU and NDI for walking,
jogging, and lunging was 1.48�, 3.13�, and 3.33�. The
average difference between the IMU and NDI for walk-
ing, jogging, and lunging was 1.61�, 2.22�, and 2.17�.

In addition, the Bland–Altman plots were generated
for the three exercises: walking, jogging, and fencing
lunge, respectively (Figure 8).

Discussion

The reason why three different types of motion were
included is that they represent classic daily and sports
exercises. The first two exercises (walking and jogging)
aimed to test the IMU accuracy with greater emphasis
on limb movement, whereas the exercise of a fencing
lunge aimed to test the IMU accuracy with a greater
focus on joint motion. All of these exercises were
designed to assess the IMU accuracy across a wide
range of exercising speeds and limb movements.

(a) (b) (c) (d)

Figure 4. (a) NDI lower-limb kinematic analysis and NDI segmented kinematics analysis for each NDI marker on the (b) hip, (c)
knee, and (d) ankle.

Figure 5. Gait comparison between the NDI optical tracking results and the IMU tracking results.
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Abnormalities in the results

In Figure 6, for Subject 7, the cross-correlation was
only 0.37 between the IMU and NDI ankle data. The
reason was when the human participant was wearing
the ankle sleeves, the tracking module moved off from
the original position when he or she was jogging. This
also happened when subjects were wearing smaller sizes
of shoes, which gave the sleeve more room to rotate.

That explained why the cross-correlations were worse
in the ankle angles.

Comparability between the NDI and the IMU

The average value for cross-correlation was 0.85. The
Bland–Altman plots have also shown significant agree-
ment between the IMU and NDI data. These findings
suggest that the MEMS IMU-based angular tracking

Figure 6. The walking, jogging, and fencing lunge results for 10 participants. The solid line is the IMU data, and the dashed line is
the NDI data. Taking one graph of the hip movement of Subject 1 as an example, m= 4.40, s= 4.70, and cc = 0.81 means the mean of
differences is 4.40�, the average standard deviation is 4.70�, and the cross-correlation is 0.81. The two lines were artificially
separated from each other by adding an offset of 40� for better presentation.

Li et al. 7



(a) (b) (c)

Figure 7. (a) The cross-correlation, (b) the standard deviation, and (c) the average difference for walking, jogging, and fencing lunge
for 10 participants.

(a)

(b)

(c)

Figure 8. The Bland-Altman plots for three different exercises: (a) walking, (b) jogging, and (c) fencing lunge.
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system presented in this study is comparable to a com-
mercially available OTS. It could track real-time body
motion, offering instant feedback to patients and
therapists.

Limitations of NDI

The reflective markers were designed to be mounted on
the side of the body (i.e. sagittal plane), specifically on
the position of the iliotibial band of the thigh section,
so that the reflective markers on both legs would not
interfere with each other. The human subjects per-
formed each exercise when one side of their body was
exposed to the NDI, then turned around and per-
formed the same exercise on the other side of the body.
For brevity, only the results of the left side of the body
were shown in Figures 3 and 4. The marker arrange-
ment created the line-of-sight issues, such as when an
arm swings down in front of the marker or a piece of
clothing moves during exercise and covers the marker.
This problem was solved by instructing the subjects to
hold one arm above the markers when the left side of
the body was facing the NDI and to tuck loose clothing
into the sleeves.

Limitations of the IMU

Generally speaking, the IMU module has a drift prob-
lem on the Z-axis. To mitigate the drift problem, two
solutions were used: one is to apply the Kalman filter
on the Z-axis to reduce the drift and the other is to
adjust the orientation of the IMU module (Figure 2(b))
so that the measured angle was derived only from the
X- and Y-axis. After that, the Euler angles of the X-
and Y-axis were used to calculate the tilt angle, which
was ideal for measuring 2D movement. All the calcula-
tions have been conducted on a smartphone
application.

Advantages of the IMU over NDI

From the experiments conducted, it can be seen that the
IMU is more suitable in dynamic situations and envir-
onments than passive marker systems, such as NDI,
due to the following reasons. During the experiment
with the NDI, the subjects had to pay attention to the
positions of markers and take actions to avoid blocking
markers; this inevitably impacted the quality of exer-
cise. In contrast, the performance of the IMU was sta-
ble and did not interfere with the body posture of the
subjects. For the consideration of accurate joint angle
calculation, the relative position between the optical
markers has to be fixed. In this study, due to the sleeve
and 3D-printed mount design, this is less problematic.
However, it could be a prevalent issue in many gait
analyses when the reflective markers are attached with
less secure options. The IMU has its coordinate system,
whereas the coordinates of NDI marker positions are
dependent on the NDI emitter/receiver coordinate

system. This makes the IMU an ideal option for the
fabrication of a portable movement monitoring system.

The future application of the system is to aid in
training a patient to carry out the repetitive activity in
an out-of-clinic environment.

Conclusion

To summarize this study, a new MEMS IMU-based
angular tracking system was developed. A total of 10
human subjects were instructed to perform the three
different motions: walking, running, and lunging. The
same trials were then conducted together with the IMU
and the NDI systems. Comparing the IMU to the NDI,
the average cross-correlation value was 0.85, the stan-
dard deviation was 2.65�, and the mean difference was
2.00�. This verified that the proposed MEMS IMU-
based angular tracking system is able to provide accu-
rate information on joint angles and could potentially
be used for outdoor or home-based rehabilitation.

In the future, acceleration data will be included; so
more kinematic information can be integrated to gener-
ate an analysis of the repetitive rehabilitation exercise
and assess the effectiveness of the exercise. Moreover,
the system will detect not only the movement of the
lower limbs but also the movement of the upper limbs,
including the movement of the fingers, after the system
is scaled down.
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