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Venous leg ulcerations are a common problem, with high prevalence in the middle-aged and elderly population, and more attention on research
of their physical activities has been paid, as they have great effects on the blood circulation of the lower limb. With enough, appropriate
training, the chronic venous ulcerations in the lower limb can be avoided and alleviated, and venous hypertension can be reduced
effectively. The study deals with a physical activity tracking system for the patients based on a three-axis accelerometer. The system uses
a three-axis accelerometer, a microcontroller, and a wireless Bluetooth module to form a data acquisition platform to acquire accelerations
of the lower limb movement, and sends it to a smart mobile phone via the wireless Bluetooth module. The system takes advantages of the
smart mobile phone to guide the chronic venous leg ulcers to do prescribed rehabilitation exercises for the lower limb muscles, perform
acceleration data preprocessing, wavelet transform and reconstruction, denoising and feature extraction, obtain the results of the
rehabilitation exercises, and then give reasonable evaluation and judgment. It is helpful to treat underlying venous reflux, create such an
environment that allows skin to grow across an ulcer, and accelerate ulcer healing process consequently.
1. Introduction: Chronic venous leg ulcers (CVLUs) are wounds
that are thought to occur due to failure of venous return
mechanisms in the lower limbs (e.g. damaged valves, past trauma
from a deep vein thrombosis), which result in preventing
backflow of blood and cause the pressure in veins to increase.
Venous insufficiency is the most common cause of chronic leg
ulceration [1–6]. In the United States, it affects ∼600,000
Americans and with the prevalence increasing with age and 3.6%
of people over 65 years of age are thought to be suffered from
this. Annual CVLU treatment-related costs to the U.S. health care
system are more than $2 billion per year, while estimated the
annual incidence of leg ulcer in the United Kingdom is about
3.5 per 1000 individuals, and treatment of venous ulcers can be
expensive, leading to a large economic burden on health services,
ranging between £168 and £600 million in the UK [7–9].
Patients with CVLUs experience many disabling symptoms,

including pain, anxiety, depression, sleep disturbance, and
itching, as well as discomfort associated with lower limb swelling,
tissue inflammation, and copious wound exudate. Pain in patients
with CVLUs causes significant decrements in quality of life
[10–12]. Time absent from work forced early retirement, loss of
functional independence and unquantifiable suffering may be
another additional factor that contributes to the overall burden of
CVLUs. The healing process for venous leg ulcers is typically
one of the long durations, with median ulcer durations that range
from six to eight months to those that last a year or even decades.
Only an estimated 50–65% of CVLUs heal within six months of
diagnosis, 20% remain unhealed after two years, and 8% remain
unhealed after five years. Furthermore, the recurrence rate is
nearly 50% [13–15].

1.1. Related work: Patients with CVLUs or more severe leg ulcers
are often receiving wound care, compression therapy, or various
types of wound dressings for a long period of time [16–19].
However, during ulcer treatment and care, the patients will
encounter many problems using these traditional methods. For
example, during wound-care, patients experience problems, such
as leakage of the wound, odour, itching, pain, the timing and
the time needed or available for wound care, while during
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compression therapy, it is problematic due to difficulties in
putting-on and taking-off elastic stockings, or bandages being
painful, too tight or coming loose, warm and itching legs on hot
days, also causing problems in wearing shoes [20–25].

On the one hand, since this disease occurs due to failure
of venous return mechanisms in the lower limbs, it is feasible to
decrease symptom associated with CVLUs and improve micro-
circulation and oxygen delivery by doing dedicated appropriate
prescribed exercises. Such exercises may include leg elevation,
pressing/pushing toes downward and upward, lifting toes upward
while keeping heel firmly planted on the floor, moving forefoot
like a windshield wiper, tapping forefoot up and down like
keeping the beat to the music, moving forefoot like doing a
figure eight etc. Although the direct effect of such exercises on
healing CVLUs is unclear, its positive effect on enhancing
the microcirculation in the venules, arterioles, and capillaries and
hastening ulcer healing is well-documented [26, 27]. Most guide-
lines recommend three or four 30-min sessions of each exercise
per day.

On the other hand, using accelerometer is a good way to trace
such physical activity or exercise because it can provide valid and
reliable measurement of its duration and intensity. The accelero-
meter can be worn on a variety of locations on the human body,
including the wrist, hip, thigh, ankle etc. to monitor and conduct
experimental studies. It has become increasingly popular due
to decreased costs of the devices and a good patient–provider com-
munication network by using a handheld smartphone. Its applica-
tions include gait & posture analysis, well-being assessment etc.
[28–32].

Thus in the following Letter, we will present a lower-limb
physical activity training and tracking system, which is based
upon a three-axis accelerometer, for the patients with CVLUs, to
guide them to do all the exercises with the aim to treat underlying
venous reflux, to create such an environment that allows skin to
grow across an ulcer, and to accelerate ulcer healing process
consequently.

1.2. Contribution: The contribution of this Letter is twofold. First,
it contributes to the healthcare field by providing the new method
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Fig. 2 Rehabilitation training system for foot exercises
a Picture of the whole device
b App and the GUI
that could guide the patients with leg ulcers to do the prescribed
rehabilitation exercises, and accordingly treat underlying venous
reflux and accelerate the ulcer-healing process. Second, it
contributes to the technical field by proposing the lower-limb
physical activity training and tracking system, which is based
upon the three-axis accelerometer. The novelty of this method is
to help the older patients to adhere to all the exercises by
establishing good patient–provider communication via a handheld
smartphone App. It can be implemented as a useful method to
accelerate the ulcer healing process, addition to traditional wound
care, compression therapy, and wound dressing.

After a general introduction to CVLUs, related work and contri-
bution, Section 2 gives a general description of the system including
the physical activity tracking device and the principle of angle
conversion of the three-axis accelerometer, Section 3 demonstrates
the methodology on how to perform data analysis, and Section 4
presents the results. The work’s conclusions are described in
Section 5.

2. Subjects and methods
2.1. Subjects: Our aim was to propose a new method to help
those CVLUs to accelerate the ulcer healing process, addition to
traditional wound care, compression therapy, and wound
dressing. Thus, older patients aged over 55 years old, who
suffered from CVLUs and were only able to walk a few feet at a
time, were included during subject enrolment. However, those
patients, whose symptoms were caused by arterial or diabetic
ulcers, were excluded.

2.2. Foot activity tracking device: The hardware system of
the foot activity tracking device is mainly composed of a
microcontroller (ATmega32L), a three-axis accelerometer
(ADXL335), a low-power wireless Bluetooth (B0004) based on
the CC2541F256 module, a button cell (CR2032), as shown in
Fig. 1a.These components are packaged in a small plastic box
and the box is attached on a slipper worn by the subject using a
double-sided Velcro, as shown in Fig. 1b.

When the patient performs a foot training exercise, the three-axis
accelerometer can detect and analyse the linear accelerations of the
foot movement in three perpendicular orientations. The low con-
sumption microcomputer coverts these analogue signals into
digital ones through an analogue-to-digital (A/D) conversion,
then sends data to a handheld device by using serial communication
and wireless Bluetooth. The App, programmed and downloaded
into the handheld device, such as iPhone, receives acceleration
data, performs data processing, feature extraction, display etc.
Since the App is designed for the CVLUs, the App uses one
click operation, i.e. to say only one button appears in a graphical
user interface (GUI) to reduce incorrect operation and help them
to finish the whole training exercises by voice tips and graphical
guidance.

Fig. 2a shows a picture of the device containing the three-axis
accelerometer ADXL335, the microcontroller ATmega32L, and
Fig. 1 Foot activity tracking device
a Main parts of the system
b Placement of the sensor
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the low-power Bluetooth B0004.Fig. 2b shows the GUI of the
App on the iPhone 5C platform. The exercise shown in this
figure is the heel rotation.

The main function of the iPhone-based software includes:
(i) giving prompts to enter the subject’s personal information;
(ii) scanning and matching the possible Bluetooth device;
(iii) giving help to do all the prescribed exercises; (iv) giving
voice tips of the number of the week, such as, this is the second
of your exercise etc.; (v) extracting the features, and uploading
them to the server; (vi) promoting adherence of the subject to
the prescribed physical activity and encouraging patient–provider
communication, reminding the subject to do the exercise every
day etc.

The subject wears a slipper with the data acquisition device on
the slipper and performs foot training exercises according to the
given plan to obtain the acceleration signal. Totally, there are
three levels of exercises, with three exercises on each level. These
nine exercises are dedicatedly designed to train the different
muscles of the lower limbs to achieve a rehabilitation purpose.
This study takes the heel rotation exercise as an example to illustrate
how to deal with the signals.

2.3. Principle of angle conversion of three axis accelerometer:
The ADXL335 is a small, thin, lower power, complete three-axis
accelerometer with signal conditional voltage outputs. The
three-axis acceleration sensor uses gravity as the input vector to
determine the orientation of the object in the space. There are
angles between the accelerometer and the horizontal direction, as
shown in Fig. 3.

Assuming that the acceleration in the x-axis is Ax, the angle from
Ax to the horizontal line is α1, and to the gravitational acceleration g
is α. Similarly, the angle from Ay, which is the acceleration in the
y-axis, to the horizontal line is β1, and to the gravitational acceler-
ation g is β; the angle from Az, which is the acceleration in the
z-axis, to the horizontal line is γ1, and to the gravitational
Fig. 3 Relationship between angles of three-axis accelerations and its
gravity
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Fig. 4 Output responses versus orientation gravity
acceleration g is γ. With these angles, the following formulas can be
derived [33–36]:

a = 90°− a1

b = 90°− b1

g = 90°− g1

⎧⎪⎨
⎪⎩ (1)

The components of the gravity acceleration g in each orientation are
as follows:

Ax = g cosa = g sina1

Ay = g cosb = g sinb1

Az = g cos g = g sin g1

⎧⎪⎨
⎪⎩ (2)

According to the length of a vector, it holds that
A2
x + A2

y + A2
z = g2, the relationship between the acceleration

value of the three-axis accelerometer ADXL335 and the angular
acceleration value (in radian) is obtained as follows:
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Then, use the data formula: radian = upR/180°. This will get
u = radian · 180°/p. Finally, the angle values of each axis are
obtained:
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(4)

Fig. 4 shows the accelerations and angles of the acceleration sensor
when it is placed in a specific orientation.These values are used to
verify whether the acceleration sensor is well soldered, as well as a
reference for data analysis.

2.4. Data analysis: Wavelet transform, an effective multi-scale
signal analysis tool, accurately reveals the distribution
characteristics of the signal in time and frequency. Since it can
analyse signals with multiple resolutions, it has a good
application in waveform location, frequency feature extraction,
and so on. In the study, we try to extract the rhythm of training
signals in patients with foot ulcers by the wavelet transform.
Based on the selection of wavelet basis, the optimal
decomposition level, and threshold decomposition and
reconstruction, the finer signals with less noises and obvious
spikes are obtained. There are three steps to perform wavelet
analysis as follows,

(1) Select an appropriate wavelet decomposition level and right
wavelet base function to the signals with noises when performing
wavelet transform, carry out wavelet decomposition to obtain the
corresponding wavelet decomposition coefficients in each level,
including the approximation coefficients and the detail coefficients.
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(2) Select a threshold for such high-frequency coefficients. During
the whole denoising process, the threshold determination is a very
key point. The most suitable threshold can be selected according
to the nature of the signal itself.
(3) Reconstruct the signal from its approximation coefficients and
detail coefficients.

Supposed that the signal containing noise can be expressed as

f t( ) = x t( ) + m t( ) (5)

where f (t) is the signal with noise from the CVLU when performing
training, x(t) is the real signal, and m(t) is the Gaussian white noise.
Then, the continuous wavelet transform of the signal f (t) can be
obtained as follows:

Wsf (t) = f (t)ws(t) =
1

s

∫+1

−1
f (t)w

t − t

s

( )
dt (6)

where s is the scale factor, ws(t) = (1/s)w((t − t)/s) indicates
expansion of wavelet bases ϕ(t) at level s. In the process of the
actual calculation, the continuous wavelet needs to be discretised,
and the most commonly used method is to carry out binary discret-
isation. Supposed that S = 2j(j [ Z), then, W2j f (t) is the binary
wavelet transform of the signal f (n).

The discrete binary wavelet transform of the sampled signal is
realised by the Mallat algorithm, and the discrete signal f (n) is trans-
formed by wavelet transform; thereafter, according to different fre-
quency channels, the multilevel decomposition is carried out.
If w j,k (t) is represented by a filter bank composed of H and L
(where H is the high-pass filter, which can be expressed as,
H = {hj}(j [ Z), and L is the low-pass filter, which can be
expressed as: G = {gj}(j [ Z)), f (n) can be decomposed as
follows:

A(j)(n) =
∑
jeZ

gjA
(j−1)(n− 2 j−1l) (7)

D(j)(n) =
∑
jeZ

hjA
(j−1)(n− 2 j−1l) (8)
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where A(0)(n) is the discrete sample acceleration signal, D(j)(n) is the
discrete detail signal of f (n)(n [ Z) at level j, and A(j)(n) is the dis-
crete approximate signal of f (n) (n [ Z) at level j.

Why is wavelet transform including wavelet decomposition and
reconstruction used here? As we know, during each exercise, it
inevitably exists a sudden speeding up and slowing down, direction
change, and jittering of the velocity. It can be considered as noise
with higher frequency. The wavelet transform is used to separate
signal from noise, or greatly reduce noise. It presents better
characteristics than those traditional simple methods such as
moving average filtering, low-pass filtering etc.
3. Results: The foot activity tracking device was fixed in a small
plastic case as shown in Fig. 1b, which was attached above the
patient’s slipper with the double-sided Velcro, with ADXL335
facing downward. The accelerations of three axes could be read
to determine the orientations of the accelerators. Thus, when the
plastic box was placed above the slipper, the initial values were
listed as, Ax =−0.19 g, Ay =−0.33 g, Az=−0.80 g, as shown in
Fig. 5.According to the (4), the initial orientations of the
accelerometer could be worked out θx =−12.4°, θy=−21.9°, and
θz=−64.5°, respectively.

Fig. 5 shows accelerations along each orientation when the
subject performed the heel rotation exercise. During the exercise,
the subject moved the forefoot like a windshield wiper, going
back and forth, keeping the entire foot on the floor with the heel
not moving at slow speed about one each second. Twenty back
and forth movements were in the figure. Since the forefoot
moved back and forth mainly only in the x-axis direction, the fluc-
tuation of acceleration in this direction was obviously large, as
shown in Fig. 5a, while the fluctuations of accelerations in the
y-axis and z-axis direction were very small, as shown in Figs. 5b
and c. Therefore, we chose the acceleration in the x-axis direction
as the effective recordings for later calculation.

The acceleration in the x-axis direction was re-plotted in Fig. 6a.
As we know, when the subject did the heel rotation exercise, there
were a sudden speeding up and slowing down, direction change,
and jittering of the velocity. Rectangular boxes A and B marked
in dotted line were the velocity jitters when velocity direction
was suddenly changed, while C and E were the jitters in another dir-
ection, and D was the acceleration jitter during movement. These
jittering values had greater impacts on calculating the frequency
of the foot movement and needed to be processed first before
feature extraction.
Fig. 5 Accelerations of the heel rotation exercise
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Fig. 6b shows the acceleration signals after wavelet decompos-
ition and reconstruction. The main process included:

Wavelet basis selection: the acceleration signals were processed
by using Haar, db7 (Daubechies 7), db8 and db9 wavelet basis,
respectively. Compared with Haar, db7 and db8 wavelet basis,
db9 wavelet base with good orthogonal property could better
show the periodicity of foot training. Hence, db 9 was selected in
the study.
Decomposition level determination: according to the above
analysis, it was most appropriate to choose the db9 wavelet base
to decompose the original acceleration signal. However, if we
wanted to obtain accurate training information, we needed to find
the best decomposition level. With the increase of the decompos-
ition level, the amplitude of the binary discrete wavelet was decreas-
ing. Compared with levels 2 and 3, the acceleration waveform at
level 1 remained fine, and the position of spikes could be well
seen. Therefore, we selected the db9 wavelet base and the discrete
wavelet decomposition for all the data [37–40].
Threshold determination: on the basis of the initial acceleration, we
set a threshold for each direction of movement, called the upper
threshold I and the lower threshold II, as shown in Fig. 6b. The
acceleration value in the positive direction was compared with the
upper threshold value I, while the acceleration value in the negative
direction was compared with the lower threshold value II. The
upper and lower threshold values were taken 0.03 g.
Spikes detection: in order to accurately obtain the number of foot
movement or frequency, spikes detection was needed.

First, search all the potential maxima and minima in the record-
ing waveform

A = Xmax − Xmin (9)

P =
A

K
A . 0.025

0 A ≤ 0.025

⎧⎪⎨
⎪⎩ (10)

where Xmax and Xmin were a pair of adjacent local extrema of the
foot ulcer training signal. From the above figure, we could see
that the foot signal is quite fined, so we could use the minima
and the maxima instead of its peak and valley. Here, A was the
difference between the maxima and the minima. When A≤ 0.025,
the fluctuation amplitude was very small and could be ignored
Fig. 6 Original accelerations and its wavelet reconstruction
a Original signal
b After wavelet reconstruction
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Table 1 Statistical results of the heel rotation exercise of a normal subject

No. Positive averaged
training intensity, g

Negative averaged
training intensity, g

Training duration, t Training numbers Training frequency, cpm

1 −0.01 −0.52 18 22 49
2 0.01 −0.53 18 20 54
3 0.02 −0.57 18 21 52
4 −0.02 −0.53 17 20 51
5 0.07 −0.55 16 21 46
6 0.06 −0.56 17 20 51
7 0.03 −0.52 16 20 48
8 0.17 −0.49 17 20 51
9 0.01 −0.45 16 20 48
10 0.03 −0.44 18 20 54
μ± σ 0.04 ± 0.05 −0.52 ± 0.04 17.1 ± 0.88 20.4 ± 0.70 50 ± 2
(all of A, B, C and E in Fig. 6a exhibited such pseudo fluctuations).
When A > 0.025, the fluctuation amplitude was large enough to be
considered to be an effective movement. In (10), K was the
maximum extrema (peak-to-peak value) and P was the training
intensity that the foot ulcer gave.
According to the characteristics of accelerations, the following

features were extracted [41].
(1) Positive averaged training intensity. It is defined as the
average value of positive acceleration peaks of the exercise in this
training.
(2) Negative averaged training intensity. It is defined as the
average value of negative acceleration peaks of the exercise in
this training.
(3) Duration of training. It is defined as the time from the beginning
of the exercise to the end of the exercise.
(4) Number of training. It is defined as the round-trip number of
exercise.
(5) Frequency of training. It is measured as the number of round-
trip training sessions for a given exercise per unit of time.
In the study, the heel rotation exercise was taken as an example to
evaluate the correctness of the algorithm. During the exercise, the
subject moved the forefoot like a windshield wiper, going back
and forth from side to side, keeping the entire foot on the floor
with the heel not moving at slow speed about one each second.
Each training exercise from side to side had 20 reciprocating move-
ments of the forefoot moving like a windshield wiper while keeping
the heel not moving for algorithm verification purpose. The
statistical results of the subject who finished ten times, each
having 20 reciprocating movements are shown in Table 1.
After calculation, the positive averaged training intensity

was about 0.04 g ± 0.05 g, the negative averaged training intensity
was about −0.52 g ± 0.04 g, each training duration lasted
17.1 s ± 0.88 s, the averaged training times of each exercise was
about 20.4 ± 0.70 after using wavelet decomposition and recon-
struction calculation, and training frequency of reciprocating move-
ment was about 50 cycles per minute (cpm). The reason that the
positive averaged training intensity approximated zero was caused
by the initial position of the accelerometer. The algorithm that we
used in the study reached accuracy as high as 98%.
These features will be regarded as a reference when the subject

performs this exercise. If the training intensity is too low for a
period of time, i.e. the amplitude or the frequency of patient’s
foot movement, the iPhone-based App will give appropriate voice
tips to remind the patient to strengthen the amplitude and frequency
of the heel rotation movement, so as to create such an environment
that allows skin to grow across an ulcer and to treat underlying
venous reflux.
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4. Conclusion: In this study, a new wearable medical device
was designed, which could help and guide the middle-aged
and elderly patients to do the prescribed training exercises. The
methods based upon wavelet transform, dual threshold, and
spikes detection were used for signal preprocessing, processing,
and feature extraction. The method based upon the wavelet
transform was used to get finer waveform, dual threshold is used
to eliminate the effect of smaller acceleration, while the spikes
detection method is used to detect spikes, so as to know how
many sessions (training numbers) there are in each exercise, and
how much time each exercise performs etc. With these methods,
it could quickly and effectively detect the back-and-forth number,
the frequency, the duration time, and so on of each exercise.

Moreover, if the training intensity is too low for a period of time,
the App will give appropriate voice tips to remind the patient to
strengthen the amplitude and frequency of the exercise, so as to
treat underlying venous reflux and to create such an environment
that allows skin to grow across an ulcer, and to accelerate ulcer
healing process consequently.

Unlike those accelerometers worn on the wrist, hip, thigh,
or ankle, the accelerometer used in the study was placed above
the big toe on the slipper using Velcro to monitor and conduct all
experimental exercises. It could give the duration and intensity of
each exercise. The main contribution lies in (i) providing a new
method that could guide the patients with leg ulcers to do the pre-
scribed rehabilitation exercises, and accordingly treat underlying
venous reflux and accelerate the ulcer-healing process; (ii) propos-
ing a lower-limb physical activity training and tracking system,
which is based upon a three-axis accelerometer. By using the
system, it could help the older patients to adhere to all the exercises
by establishing good patient–provider communication via an App.
Undoubtedly, it could be implemented as a useful method to
accelerate the ulcer healing process, addition to traditional wound
care, compression therapy, and wound dressing.
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