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Abstract
A lack of exercise and physical activity is one of the main health-risk behaviors, causing
chronic diseases. This paper proposes a computerized system for monitoring exercise
performance and e-coaching. The aim of the system is to increase users’ physical activity
and fitness levels, improve the effectiveness of exercise-based rehabilitation and training,
and subsequently motivate people to become more active. Capable of acquiring and fusing
motion capture data from different modalities (Kinect and IMUs), depending on the
physical exercise intricacy to be captured and evaluated, the proposed system performs
real-time anthropometric measurements and analysis. The main challenges of physical
exercise performance monitoring are also addressed. Lying-down physical exercises or
exercises with caregiver or trainer support can be captured, monitored and evaluated.
Exercise repetition detection and evaluation, and e-coaching of the subjects through
comprehensive semantic feedback are performed in real-time.
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Introduction

Nowadays, chronic diseases have become the center of
attention in public health worldwide, causing more than 36
million deaths a year and consuming great amounts of
resources in healthcare costs [1]. From 2012 to 2014, 117
million people in the United States (US)—about half of all
adults—had one or more chronic health conditions [2]. One
of the main healthy risk behaviors that cause chronic dis-
eases is the lack of exercise or physical activity. In 2015, in
the US, 50% of adults did not meet recommendations for
aerobic physical activity, while 79% of them did not meet
recommendations for both aerobic and muscle-strengthening

physical activity [3]. However, increasing physical activity
can decrease the risk of disease, while physical
exercise-based rehabilitation can be effective for many
chronic diseases such as cardiac diseases (e.g. Coronary
Heart Disease) or movement disorders (e.g. Parkinson’s
Disease [4]).

Group-based, supervised exercise programmes in gyms or
rehabilitation centers constitute the main approach for
physical exercise. In these programmes, the trainers instruct
the subjects on how to exercise correctly, adapting the
exercise sessions based on their experience and the feedback
they retrieve. On the other hand, patients with movement
difficulties (e.g. with sub-acute stroke, Parkinson’s disease,
etc.) often seek private rehabilitation programmes with
caregiver support [5]. However, in both cases, the main
disadvantage is the lack of information regarding the quality
of exercise execution and the quantitative measurements and
reports regarding the training or rehabilitation progress

A. Chatzitofis (&) � D. Zarpalas � P. Daras
Centre for Research and Technology Hellas, Information
Technologies Institute, 6th km Charilaou-Thermi, Thessaloniki,
Greece
e-mail: tofis@iti.gr

© Springer Nature Singapore Pte Ltd. 2018
N. Maglaveras et al. (eds.), Precision Medicine Powered by pHealth and Connected Health,
IFMBE Proceedings 66, https://doi.org/10.1007/978-981-10-7419-6_40

243



(e.g. anthropometric body part movements, number of
exercise repetitions, exercise execution accuracy, etc.).

In this context, also exploiting the recent advances in
visual computing and wearable, wireless sensor technologies,
the development of more sophisticated, technology-enabled
fitness and rehabilitation solutions has been enforced. Ofli
et al. [6] propose an interactive exercise coaching system for
older adults, guiding them through a series of video exercises,
tracking their movements and providing them with real-time
feedback. In [7], ExerciseCheck, a remote monitoring and
evaluation platform for home-based physical rehabilitation is
proposed by Saraee et al., aiming to give the patients feed-
back on how-to adjust their movements in order to achieve
higher accuracy of exercise performance.

In this paper, a computerized system for exercise per-
formance monitoring and e-coaching is proposed, using
motion capture data from several modalities. The proposed
system addresses some of the main challenges in monitoring,
evaluating and coaching physical exercises. In particular:

• Lying-down exercises can be captured, monitored and
evaluated.

• Exercises where one or more caregivers or trainers are
present can be captured, monitored and evaluated.

• Repetition detection, accurate evaluation and semantic
feedback are provided.

The paper is organized as follows. Section “Proposed
System” describes the architecture, the implemented and
integrated technological modules and the related function-
alities. In section “Discussion”, the effectiveness and the
novelty of the proposed system are discussed. Conclusion
and future work are finally given in Sect. IV.

Proposed System

Architecture

A computerized system for exercise performance monitoring
and e-coaching is proposed. The system, which supports
multimodal real-time motion capture, instructs the users how
to appropriately execute their physical exercise programme
with or without supervision. The system is available for
Windows, while the required equipment consists of a MS
Kinect v2 sensor (Kinect), a set of inertial measurement units
(IMUs) (optional) and a Windows PC/laptop, meeting the
minimum system requirements for using Kinect.

The system consists of two main technological modules
which interact with each other; the motion capture and the
exercise performance evaluation (Fig. 1). The motion cap-
ture module is capable of motion capture data acquisition
using either solely Kinect or Kinect and IMUs. These data

(a) are used as input for the exercise performance evaluation
module and (b) are processed and analyzed for anthropo-
metric measurements. Regarding the exercise performance
evaluation module, pre-recorded training motion data have
been considered as reference and used to train the module.
Analyzing then the captured motion data, the time interval of
the performed repetition is detected. Finally, the detected
and the reference exercise repetitions are compared, result-
ing in semantic feedback.

Motion Capture Module

Several training and rehabilitation monitoring systems inte-
grate real-time motion capture solutions [8–10]. In the pro-
posed system, a novel motion capture module has been
developed and integrated, enabling motion capture and
antropometric measurements.

Motion Capture
As mentioned above, the proposed system has been designed
to function with the aid of Kinect and an arbitrary number of
IMUs to minimize the associated equipment cost and com-
plexity, depending on the exercise intricacy to be captured.
Except from the number of the inertial sensors, their place-
ment and usage can also vary, depending on the use case and
the type of physical exercise. For instance, in physical
exercises that target only the upper body, the inertial sensors
can be placed just on the trunk and the arms.

User’s raw 3D body information is provided per frame
using Kinect, including global 3D positions and orientations
of 25 body joints. If a higher level of motion capture
accuracy is required, 1 to N inertial sensors can be placed on

Fig. 1 System architecture and pipeline. White containers indicate the
modules of the system
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the subject’s body, where N represents the desired number of
sensors. Fusing raw motion capture data with inertial data
(acceleration, angular velocity, magnetic field data), the
motion capture accuracy for the end-joints of the bones on
which the inertial sensors have been placed is improved. The
Kinect-IMU fusion method has been described in [11].

Anthropometric Measurements
A significant component for efficient exercise performance
monitoring is the real-time anthropometric measurement and
analysis [12]. Analyzing the provided motion capture data
allows for robust extraction of anthropometrics. Given the
3D positions of the joints, the planes of human body motion
(i.e., saggital, frontal and transverse) are defined [13], cal-
culating the orientation of the body. In particular, the upper
and lower body orientations can be separately estimated in
the proposed system, enabling holistic and separate or partial
motion analysis. To this end, for the upper body, taking into
account the 3D positions of the middle of the spine ps, the
neck pn and the left shoulder pls, the orientation Rub is
calculated. Correspondingly, the positions of the spine base
psb, the middle of the spine ps and the left hip plh, give the
orientation of the lower body, Rlb. More specifically, let v0x1
be the normalized vector from the neck to the left shoulder
position (v0x1 ¼ pls � pn=jpls � pnj) and vy1 be the normal-
ized vector from the neck to the middle of spine position
(vy1 ¼ ps � pn=jps � pnj). The cross product between vy1
and v0x1 gives vz1 (vz1 ¼ vy1 � v0x1), while, then, the cross
product between vz1 and vy1 gives vx1 (vx1 ¼ vz1 � vy1). As a
result, the rotation matrix Rub of the upper body is defined

by the estimated normalized vectors (Rub ¼ ½vx1vy1vz1�T ). In
holistic body analysis, where the body is not separately
analyzed, Rub is considered the orientation of the whole
body. The rotation matrix Rlb the lower body is corre-
spondingly defined using psb, ps and plh.

Using the motion capture data and the estimated planes of
motion, anthropometric angles (e.g., flexion, extension,
abduction, etc.) and other anthropometric parameters (e.g.,
body height, trunk length and width, leg and arm length,
etc.) can be given.

Exercise Performance Evaluation Module

This module is based on the recognition and detection of a
priori known exercise instances within a sequence of motion
data. Subsequently, these instances can be evaluated, pro-
viding feedback of whether the right exercise has been
performed, how accurate the exercise performance was and
how to improve the performance accuracy.

Exercise Repetition Detection
The exercise repetition detection has been developed for (a)
recognizing that a repetition of a specific exercise was per-
formed and (b) detecting its time interval. To efficiently
serve repetition detection, even in complex physical exer-
cises (e.g. bilateral lunge stretch with trunk rotation), gesture
recognition algorithms have been extended, recognizing
sequences of key-frames. Details regarding the repetition
detection method have been described in [11].

Exercise Repetition Evaluation
After the detection of a performed exercise repetition, the
motion capture data get segmented and labeled, allowing for
exercise evaluation to be applied. To this end, a motion data
processing pipeline is proposed, utilizing the segmented
motion capture data and a set of sequences of this specific
exercise. This set is obtained by the training set and is used
as reference, resulting in semantic feedback (Fig. 2).

It is worth noting that the motion data, before being
analyzed by the evaluation components, are pre-processed.
At first, applying body bone normalization prevents errors
due to body structure differences. Subsequently,
spatio-temporal alignment is performed. Spatial alignment is
achieved by estimating the rotational offset between the
body rotations. Then, by applying multivariate Dynamic
Time Warping (m-DTW) on the joint 3D positions, the
sequences are temporally aligned. The 3D joint position and
linear velocity errors are calculated and normalized, enabling
statistical joint error analysis. The DTW and error statistical
analysis are given as input to a fuzzy logic engine, resulting
in semantic feedback.

Discussion

The main challenges addressed by the proposed system, as
described in section “Introduction”, are discussed in this
section. The achievements of the motion capture module are
primarily based on the capability of the system to fuse
Kinect and IMUs, addressing Kinect low frame rate and
one-side view limitations as well as the difficulty to effi-
ciently estimate 3D positions using inertial data.

Fig. 2 Exercise repetition evaluation pipeline
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Lying Down Exercises

A variety of exercise groups, including abdominal, stretch-
ing and many rehabilitation exercises, are executed while the
subject lies down. In this case, Kinect fails to capture the
human body movements, due to self-occlusions and the fact
that Kinect functions properly when the subject is standing
or seated. The proposed system goes beyond Kinect tracking
by placing inertial sensors on the bones of the subject and
applying Kinect-IMU fusion. In Fig. 3a, where the subject
lies on a table, 3 IMUs are enough to accurately capture the
arm stretching.

Exercises with Caregiver or Trainer Support

In several exercise-based rehabilitation or training pro-
grammes, especially for patients with movement difficulties,
exercises with caregiver support are included. In Fig. 3b, the
subject is supported by a caregiver in order to perform a
specific rehabilitation exercise. In such cases, Kinect cannot
accurately capture the subject’s motion due to occlusion
from the caregiver’s body. For this purpose, 9 inertial sen-
sors have been placed on the subject’s body to capture the
movements.

Exercise Evaluation and Semantic Feedback

With the aim to include challenging physical exercises,
further techniques were implemented during the system
development. For some continuous exercises, for instance,
two repetitions, each performed by different limbs, are
combined and considered as one (e.g. a walking on the spot
repetition is considered completed when the subject per-
forms two steps).

Finally, the semantic feedback given by the proposed
system uses pre-defined templates in order to inform the
users regarding their performance (e.g. “HIGH score! The
highest POSITION error is detected for the LEFT WRIST…
move your LEFT WRIST…”, here, the words with capital
letters are being selected by the outcome of the fuzzy logic).

Conclusion and Future Work

Such systems show considerable promise, advancing the
effectiveness of exercise-based training and rehabilitation,
motivating people to become more active and improving the
quality of their lives. The next step for the system is to
overcome current difficulties relating to the monitoring of
subjects exercising with a trainer or caregiver, due to the
possibility of a IMU being moved, which increases the risk
for erroneous motion capture. For this purpose, research is
being conducted using reflective materials and ToF
depth-sensing devices in order to increase the motion capture
stability and quality.
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