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Abstruct- Rehabilitation treatment may be improved by ob- 
jective analysis of activities of daily living. For this reason, the 
feasibility of distinguishing several static and dynamic activities 
(standing, sitting, lying, walking, ascending stairs, descending 
stairs, cycling) using a small set of two or three uniaxial ac- 
celerometers mounted on the body was investigated. The ac- 
celerometer signals can be measured with a portable data ac- 
quisition system, which potentially makes it possible to perform 
online detection of static and dynamic activities in the home 
environment. However, the procedures described in this paper 
have yet to be evaluated in the home environment. Experiments 
were conducted on ten healthy subjects, with accelerometers 
mounted on several positions and orientations on the body, 
performing static and dynamic activities according to a fixed 
protocol. Specifically, accelerometers on the sternum and thigh 
were evaluated. These accelerometers were oriented in the sagittal 
plane, perpendicular to the long axis of the segment (tangential), 
or along this axis (radial). First, discrimination between the 
static or dynamic character of activities was investigated. This 
appeared to be feasible using an rms-detector applied on the 
signal of one sensor tangentially mounted on the thigh. Second, 
the distinction between static activities was investigated. Standing, 
sitting, lying supine, on a side and prone could be distinguished by 
observing the static signals of two accelerometers, one mounted 
tangentially on the thigh, and the second mounted radially on 
the sternum. Third, the distinction between the cyclical dynamic 
activities walking, stair ascent, stair descent and cycling was in- 
vestigated. The discriminating potentials of several features of the 
accelerometer signals were assessed: the mean value, the standard 
deviation, the cycle time and the morphology. Signal morphology 
was expressed by the maximal cross-correlation coefficients with 
template signals for the different dynamic activities. The mean 
signal values and signal morphology of accelerometers mounted 
tangentially on the thigh and the sternum appeared to contribute 
to the discrimination of dynamic activities with varying detection 
performances. The standard deviation of the signal and the cycle 
time were primarily related to the speed of the dynamic activities, 
and did not contribute to the discrimination of the activities. 
Therefore, discrimination of dynamic activities on the basis of 
the combined evaluation of the mean signal value and signal 
morphology is proposed. 

I. INTRODUCTION 

0 IMPROVE the rehabilitation treatment of patients, T their activities of daily living should be evaluated in 
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their domestic environments. This evaluation can give a good 

indication of the activity restrictions the patients experience 

because of their disabilities [l], [2] .  The rehabilitation treat- 

ment can then be directed toward relieving these activity 
restrictions. The comparison of the daily life activities before 
and after a rehabilitation treatment enables the objective eval- 

uation of the outcome of the treatment [2]. However, most 

objective instruments available to date measure impairment 

(e.g., reduced muscle force, reduced joint mobility) as opposed 

to activities actually performed, which are directly related to 

disability. Furthermore these instruments can only be used in 

the artificial environment of a laboratory or a doctor’s office. 
Therefore, an ambulatory activity monitor is required for use 
in the home environment based on kinematic measurements 

using sensors mounted on the body. 
In laboratory surroundings biomechanical and kinematic 

analyzes of activities are performed using instruments such as 

optokinetic measurement systems for measuring body move- 

ment and force plates for measuring ground reaction force. 

These measurement systems are important for thorough biome- 

chanical analysis of joint moments and powers during body 

movements. They may be used to evaluate to what extent 
subjects are able to perform certain activities of daily living in 

a laboratory setting. However, these systems cannot measure 
to what extent these activities are actually performed in daily 

living in the domestic environment, which is important for an 

adequate assessment of disabilities [7]. 

Measurement of activities of daily living in a domes- 

tic environment requires a totally different approach and 

instrumentation. Measurements should not be limited to a 

small measurement space and should be performed over long 

periods of time (several hours to a day). The laboratory- 

bound optokinetic systems and force plates do not satisfy these 

requirements. Small portable digital datalogger systems have 
become available in recent years. These systems can easily be 

worn at the waist and can acquire and store large amounts of 

data. Measurement of activities of daily living may become 

feasible using these systems if new and reliable measurement 

methods are developed on the basis of adequate sensors for 

registration of relevant kinematic quantities. 

These sensors should be sufficiently small (on the order of 
a square centimeter) and light (a few grams) that they can 

be taped on the skin without introducing relative resonance 
movements. They should be easily mountable on the body 

by a clinician and stay reliably in place for the duration 

of the measurement. Their alignment should not be critical. 

They should be comfortable to the subject and not impede 
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the activities of daily living. Therefore, they should not cross 

joints and only require short cables (0.5 m) for connection to 

the measurement unit. Their signals should contain maximal 

information about relevant kinematic quantities, and the num- 

ber of sensors required for sufficient evaluation of daily life 
activities should be small. 

Among the alternatives, seismic accelerometers satisfy these 
conditions as they are small and can be easily mounted on the 

skin. Signals from seismic accelerometers contain a component 

of the gravitational acceleration (giving information about 

inclination), and a component of the inertial acceleration of 

the sensor. In static situations, the accelerometer signal yields 

only inclination information, while in dynamic situations this 

information is combined with acceleration information [9], 

[lo], [16]. Although many accelerometers are required for a 
full kinematic analysis of body movements [9], [lo], [16], 

Willemsen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet al. [ 171 showed that a single uniaxial accelerom- 
eter may be sufficient for the detection of swing and stance 
phases in gait. 

Sensors, such as goniometers and switches or pressure sen- 

sors under the feet do not satisfy the conditions for monitoring 

activities of daily living in the domestic environment using a 

portable system, although they may provide useful additional 

information for activity monitoring [4], 1131. Goniometers are 

relatively large exoskeletal devices that cross the joints, which 
may interfere with activities and move from their original 
placement. Foot switches and pressure sensors require long 
cables for connection to a portable unit, which is often wom 
at the waist. 

The objective of this paper is to investigate the feasibility 

of distinguishing several static and dynamic activities using 

a small set of two or three uniaxial accelerometers placed 

on several body segments [ 151. The considered activities 

are: standing, sitting, lying, walking, cycling, ascending and 

descending stairs. The detection scheme and sensor placement 

should be potentially suitable for real-time implementation in 
a portable system for monitoring activities of daily living in 

the domestic environment, although this will not be evaluated 
in this paper. 

11. THEORY 

A. Static and Dynamic Activities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin Relation to Body Topology 

Biomechanically, the human body can be considered to 

consist of a number of rigid bodies or body segments, linked 

together by the joints [5], [14]. In the case of a static activity 
(posture), the positions and orientations of the segments do 
not vary significantly with time. The static activities (e.g., 
standing, sitting, lying) can therefore be identified by the ori- 
entations of the segments with respect to the gravitational field. 

In the case of a dynamic activity, the positions and orientations 

of the segments do vary with time. Body movements occuring 

over distances which are large in comparison with the lengths 

of the body segments are most naturally achieved by moving 
the segments in a cyclical fashion 161. Noncyclical movements 

are normally present only during short transitions between 

static and cyclical dynamic activities. Due to the topology 
of the linked chain of body segments, the cycle time of the 
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Fig. 1. Seismic uniaxial accelerometers measure the component a,u' of an 
equivalent acceleration a'eq in the direction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU' of the sensitive axis of the 
accelerometer. This equivalent acceleration is the sum of the acceleration a' 
of the sensor and the equivalent gravitational acceleration ?j acting on the 
seismic mass. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp1 is the angle between the sensitive axis of the accelerometer 
and the acceleration a'; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 2  is the angle between the sensitive axis and the 
gravitational field. 

trunk is 50% of the cycle time of each leg during symmetric 
cyclical movements. 

B. Kinematic Measurements by Means of Accelerometry 

Seismic uniaxial accelerometers measure the component 

a,@) of an equivalent acceleration Zeq( t )  in the direction of 

the sensitive axis of the accelerometer (Fig. 1) 

(1) 

G( t )  being the unit vector in the direction of the sensitive axis 

of the accelerometer. 

The equivalent acceleration Zeq(t)  is the sum of the ac- 
celeration of the sensor Z ( t )  and the equivalent gravitational 
acceleration 9' acting on the seismic mass (Fig. 1) 

(2) 

The signal a, of a uniaxial accelerometer can therefore be 
expressed as 

a&) = iieq(t) . G(t)  

Fie&) = Z( t )  - 9: 

a,(t) = Zeq(t) ' G( t )  

= a ( t )  COS(cpl(t))  - gcos(cpz(t)) (3 )  

with a ( t )  being the magnitude of Z ( t ) , g  the magnitude of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3, 
cpl(t) the angle between Z ( t )  and .'(t), and cpz(t)  the angle 
between 9' and .'(t). 

It is not possible to distinguish a constant acceleration 
smaller than the gravitational acceleration (9.81 d s 2 )  and a 

static inclination signal using the single uniaxial accelerometer. 

However, during the performance of normal dynamic activities 

the occurrence of a constant acceleration having a duration 

in the order of the cycle times of such activities is unlikely. 
Therefore, activities will be a s swed  to be dynamic if the 

uniaxial accelerometers mounted on the body yield a time- 
varying signal and static if the signal is constant. For static 
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activities the constant accelerometer signal a, can be written 
as 

a, = -9 cos(p2). (4) 

The angle between the accelerometer axis and the gravity 

vector can be determined from the constant accelerometer 

signal, which gives information about the orientation of the 

acelerometer. 

Note that detection of static activities on the basis of this 
assumption will only yield reliable results if the environment 
does not accelerate. It will not hold for instance when sitting in 

a car which moves in traffic, or in an elevator which accelerates 
or decelerates. 

C. Detection of the Static or Dynamic Nature of Activities 

On the basis of the assumption that dynamic activities 

yield time-varying and static activities constant accelerom- 

eter signals, the static or dynamic nature of activities can 

be detected by determining whether the signal varies with 
time. For this purpose we propose the detection scheme 
depicted schematically in Fig. 2: The signal of the tangential 
accelerometer on the thigh is high-pass filtered, rectified and 
subsequently low-pass filtered. High-pass filtering at a cut-off 
frequency of approximately 0.5 Hz will eliminate the current 

offset of the signal. Rectification and low-pass filtering at a cut- 

off frequency of approximately 0.1 Hz will yield a measure for 

the averaged signal deviation from the mean, weighted with 

an exponential time window, and is therefore a measure of 

“recent movement.” The static or dynamic nature of activities 

can be discriminated by applying a threshold to the resulting 
signal. If the signal is above the threshold the activity is 
detected as being dynamic, while those below are deemed 
static. The threshold should be set such that small movements 
within static activities are not detected as dynamic, while still 

detecting all dynamic activities. It should be noted that the 
actual threshold choice is subjective. 

D. Distinguishing Static Activities 

If an activity has been detected as static, the type of static 

activity can be identified from the orientation of the body 

segments. These orientations can be obtained from the ac- 

celerometer readings which give only inclination information 
if the position and orientation of the body segments do not 
vary with time [see (4)]. 

The required number of accelerometers depends on the static 

activity. Standing, sitting and lying can be discriminated by 

observing the orientations of the trunk and the thigh only. 
This requires only one uniaxial accelerometer placed on each 

segment, oriented in the sagittal plane, perpendicular to the 

long axis of the segment (tangential), or along this axis 
(radial). Theoretically, a tangential thigh accelerometer and 
a radial trunk accelerometer should be sufficient to distinguish 
standing, sitting and lying (supine, prone, on a side). An 
additional accelerometer perpendicular to the sagittal plane is 

required to distinguish lying on the right from lying on the 

left side. 

E. Distinguishing Dynamic Activities 

Dynamic activities are normally achieved by cyclical move- 

ments [6] such as walking, ascending stairs, descending stairs 
and cycling. The accelerometer signals per cycle may differ 
in several aspects: morphology, mean, standard deviation 
and cycle time. These differences result from differences 
in geometric conditions imposed by the body topology, the 

environment and the speed of the activity. These differences 

may be used to distinguish between dynamic activities. 

111. METHODS 

A. Experimental Methods 

Two sets of experiments were performed, in which ten male 
able-bodied subjects participated. Their age ranged between 

23 and 42 years, height between 1.72 and 1.87 m, and weight 
between 60 and 88 kg. Discrimination between static activities 

was evaluated from the first set of experiments performed 

on five subjects (numbered 04) .  Detection of the static or 

dynamic character of activities and discrimination between 

dynamic activities was evaluated from the second set of 

experiments performed on the other five subjects (numbered 

5-9). 
The first group of five subjects (numbered 0, 1, 2, 3, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4) performed static activities according to a fixed protocol: 
the subjects were requested to subsequently sit on a chair, 

stand, and lie on a bench (supine, prone, on right and left 
side). Each posture was held for approximately 10 s. The 

subsequent static activities were repeated five times. Uniaxial 

accelerometers (ICsensorsTM 5 g, McRoberts) were mounted 

tangentially and radially on the mid-sternum and tangentially 

on the upper half of the thigh using double-sided tape (Fig. 3). 

The signals were acquired for subsequent off-line assessment 

using an IBM-compatible PC-AT, with an Analog Devices 
RTI-815 data acquisition system (12 bits). The accelerometer 
signals were preamplified (full scale was approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
g), filtered at 35 Hz (first order) and subsequently sampled at 

a rate of 100 Hz. 

The second group of five subjects (numbered 5 ,  6, 7, 8, 

and 9) performed both static and dynamic activities according 

to a set protocol. They were first asked to perform the static 

activities; sitting on a chair, lying on a bench (supine, prone, 
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was approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk5 g). The AD resolution varied with the 

number of channels used: 8, 10, or 12 bits, resulting in 25 

levels to 400 levels for 1 g. The lowest resolution did not 
compromise the detection, since it was in the same order 
as, or better than, the reproducibility of the accelerometer 
readings for static activities. The activities of the subjects were 
also recorded on video for subsequent timing and independent 

classification of the activities performed. Pressing of the event 

marker by the subject was combined with voice comments on 

the video. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B. Detection of the Static or Dynamic Nature of Activities 

The tangential thigh accelerometer signal was chosen for the 

detection of the static or dynamic nature of activities because 
leg movements are pronounced in all investigated dynamic ac- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- .  - 

tivities (walking, ascending stairs, descending stairs, cycling). 
The detection scheme of Fig. 2 was tested. High- and low-pass Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  Illustration of accelerometer mounting. Uniaxal accelerometers were 

mounted tangentially and radially on the stemum (s t  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS T )  and tangentially 
on the thigh (tt). The sensitive axes were all directed in the sagittal plane. filters were both of the first order. Suitable cut-off frequencies - -  

were experimentally determined to be 0.5 Hz and 0.1 Hz, 

respectively. The detector threshold level was experimentally 

set at o,7 d s 2 .  
on right and left side) and standing. Each activity was held for 

at least 5 s and repeated twice. Subsequently, the subjects were 
asked to perform several dynamic activities: walking (at slow, 

comfortable, and fast speeds), ascending stairs, descending 
stairs and cycling (at slow, comfortable and fast speeds). The 
dynamic activities were performed for a varying number of 

trials and a varying number of repetitions, and were alternated 

with periods of quiet standing (approximately 5 s). Further- 

more, the experiments contained parts of free movements 

(e.g., walking through a building from a walking session in 

the lab to an outdoor cycling session). For each person, the 

experiment, containing all the aforementioned activities, had a 

duration of approximately 30 min. A maximum of six uniaxial 
accelerometers (ICsensorsTM 5 g) were mounted in varying 
directions on the trunk (sternum and shoulder) and the thighs 

and shanks. After initial evaluation, only the accelerometers 

mounted tangentially and radially in the sagittal plane on 
the sternum and tangentially in the sagittal plane on one 

thigh were further evaluated and will be discussed in this 

paper (Fig. 3). NoVal1 five subjects had all three of these 

accelerometers mounted. As stated, only the detection of the 

static or dynamic nature of activities and the discrimination 

of the dynamic activities were evaluated from this second 
set of experiments. To enable an unambiguous division of 
cycles in the analysis of the dynamic activities, membrane 

switches (special design for foot contact sensing in foot drop 
stimulators by Roessingh Adaptation Technique, Enschede, 

The Netherlands) were mounted under the heels and the balls 

of the feet to detect foot contact and clearance. These switches 

were used to divide the movements into cycles. 

The subjects marked events (beginning and end of an 

activity) by a hand switch. The signals of the accelerom- 
eters and switches were recorded for later analysis by a 
portable measurement system (VITAPORTTM, McRoberts). 
The sampling rate was 100 Hz. No presampling filters were 
used; the power spectra of the accelerometer signals were 
verified to be limited to a band width of approximately 10 

Hz. The accelerometer signals were preamplified (full scale 

C. Distinguishing Static Activities 

All static activities for the first five subjects were identified 

according to the order of the protocol. The mean values of 
the accelerometer signals for all static activity segments were 
determined. The average and standard deviations per static 

activity and per sensor were also determined for each subject. 

From these results the discrimination ability of the system for 

static activities was assessed. 

D. Distinguishing Dynamic Activities 

The beginning and end of all segments of cyclical dynamic 
activity performed by the second group of subjects were 
determined using the marker signal. Clearly deviating first and 
last cycles were deleted from the accelerometer recordings. 

The type of activity was independently identified from the 

video recordings, which was synchronized with the recorded 
signals by time and marker signals. The beginning and end 

of the cycles in each segment were identified from the foot 

switch data for walking, ascending, and descending stairs. 
In this way, the discrimination of dynamic acitivities from 

the accelerometer signal morphology could be investigated 
independently from the question whether the beginning and 

ending of the cycles could be discriminated directly from the 
accelerometer signals. As an exception, cycles of cycling were 
discriminated from the accelerometer signals directly because 

foot switch data was not reliable for cycling. This was done 

by applying a threshold detector after low-pass filtering the 

thigh accelerometer signals (5th order Butterworth filter with 

a cut-off frequency of 1 Hz for slow and comfortable speeds 
and 2 Hz for fast cycling). 

The average signal values, standard deviations and cycle 
durations for all cycles were evaluated for the accelerometer 

signals. Mean and standard deviations were subsequently 
determined to assess the value of these parameters for the dis- 
crimination of the activities. Discrimination between dynamic 
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activities on the basis of signal morphology was investigated 

for the tangentially mounted accelerometer on the thigh, 

because this sensor gave a clear cyclical signal for all cyclical 

movements at the frequency of the total movement, in con- 

trast to the trunk accelerometer which displayed the double 

frequency. 
The cycles of each dynamic activity for each subject of 

the second group were divided into two sets: a template 
set and a test set. A template signal was constructed for 

each dynamic activity by averaging the cycle signals of the 
template set, after normalizing the duration of the cycles. 

This normalization was done by resampling the signals for 

each cycle to N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 100 samples using linear interpolation 

between samples. Discrimination of the dynamic activities 

was evaluated by determining the maximum circular cross- 

correlation coefficients between the single cycle signals from 

the test set and the templates. The circular cross-correlation 

coefficient px,(m) of two signals zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx and y is defined as 

with N = 100 being the number of samples during one cycle 

after resampling of the signals, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy c ( i  - m) represented the 

signal y shifted over the time m, with the last m samples 

relocated at the beginning of the cycle (circular shift), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 and 
y represented the sample averages, and s, and sy represented 

the sample standard deviations of signals x and y. 

The maximum value of the cross-correlation coefficients 
between the single cycle signals and the templates was de- 
termined, varying the time shift m over the full range from 

0 to N - 1. These maximum values indicate differences 

of the signal morphology during various dynamic activities. 

One of the dynamic activities was identified from the oth- 

ers if this maximum cross-correlation coefficient exceeded a 
preset threshold value. The reasons for evaluating the cross- 
correlation coefficients for all time shifts m were twofold. 
First, the beginning and ending of the cycles could not be 

identified on the basis of the same foot switch information 
for all movements, and for cycling the cycles were identified 
directly from one of the accelerometer signals. Secondly, if 
the division of cycles is done on the basis of one of the 

accelerometer signals directly rather than on the basis of foot 

switch data, a well-defined beginning and ending of a cycle 

is no longer defined. 

The detector performance based on signal morphology was 

evaluated as a function of the detection threshold value v 
using the receiver operating characteristics zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(ROC) [ 111. The 
ROC can be conceived as a parameterized curve with U being 
the varying threshold parameter displaying the percentage of 
correctly detected cycles of a given dynamic activity (estimate 
of detection probability @d(u)) as a function of U against the 

percentage of cycles of other dynamic activities which were 

incorrectly identified as this activity (estimate of the type two 

errors false alarm probability ,b(z)) as a function of v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-25 

0 2  
dynamic 

static nnnruvuw U I  

0 t [SI 200 

, detector output 

Fig. 4. Performance example for the detection of the static or dynamic 
characteristic of activities. The measured and processed signals au and a f ,  
and the detector output are displayed. The signal of a thigh tangential sensor 
was used for the detection. High and low-pass filters were both of the first 
order. Their cut-off frequencies were 0.5 Hz and 0.1 Hz respectively. The 
threshold was set at 0.7 d s 2 .  

IV. RESULTS 

A. Detection of the Static or Dynamic Nature of Activities 

Fig. 4 shows a typical example of a tangential thigh ac- 

celerometer signal during static activities, short transitional 

movements and cyclical dynamic activities. The results indi- 

cate that it is possible to distinguish postures from movements 

in the proposed manner. Static segments, in which the signal 
does not change for several seconds are detected as static 
activity, and dynamic segments of several signal cycles are 
detected as dynamic. However, the output of the detector 

during short transitions between static segments, static seg- 

ments of short duration and segments of slow movements 

depends on the detector settings. The cut-off frequency of the 

high-pass filter influences the detection of slow movements 

as either static or dynamic. The cut-off frequency of the 

low-pass filter influences the required duration of a static 
or dynamic segment to be detected and also determines the 
delay time between onset of the activity and its detection. The 

threshold setting determines above which level of movement 
an activity is called dynamic. The optimal setting of the 
detector parameters and subsequent performance evaluation 

requires explicit performance criteria. Development of such 

criteria, which may depend on the area of application, was 

not a topic in the current study. Therefore, the performance 

of the detector was not further analyzed. It should be noted 

that the evaluation of the methods for distinguishing static 
and dynamic activities as reported below did not rely on 

the detector of Fig. 2. Instead, static and dynamic segments 
of sufficient duration were independently selected for this 
evaluation using the marker signals, the video data, and the 
protocol order. 

B. Distinguishing Static Activities 

Fig. 5 depicts mean and standard deviation values of the 

quasistatic readings for the radial and tangential accelerom- 
eters on the sternum and tangential accelerometer on the 
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thigh for the first group of five subjects. The radial sternum 
accelerometer [Fig. 5(a)] could distinguish sitting (SI) and 

standing (ST) from the other static activities: lying supine 
(LS), lying on the right side (LR), lying on the left side 

(LL) and lying prone (LP). The tangential sternum accelerom- 

eter [Fig. 5(b)] distinguished sitting, standing and lying on a 

side from either lying supine or prone. The tangential thigh 

accelerometer [Fig. 5(c)] distinguished standing and lying 

on either side from sitting, lying supine and lying prone. 

This accelerometer also distinguished lying prone from sitting 

and lying supine. The distinctions between static activities 
described above were all statistically significant within each 
subject (Wilcoxon rank-sum test, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 0.005) and between 
subjects (Sign test, Q < 0.05), evaluating all selected static 
segments of all five subjects (in total 150 measurements). In 

fact, all selected static segments were well classified by com- 

bining the radial sternum and tangential thigh accelerometer 

measurements, as shown in Fig. 6. Only lying on the left and 

right sides (LR, LL) could not be distinguished with these two 

accelerometers. 

C. Distinguishing Dynamic Activities 

Means and standard deviations of the mean signal values 
for walking (slow WS, comfortable WC, and fast speeds 

WF), ascending and descending stairs (SA and SD) and 

cycling (slow CS, comfortable CC, and fast speeds CF) are 

displayed in Fig. 7 for the radial and tangential accelerometers 

on the sternum and tangential accelerometer on the thigh. 
It should be noted that data in Fig. 7 are not complete for 

all of the second group of five subjects, since not all had 

the same sensor configuration or cycled with the consid- 
ered configuration. The mean signal values of the sternum 
tangential accelerometer [Fig. 7(b)] and the thigh tangential 
accelerometer signal [Fig. 7(c)] both showed a statistically 

significant distinction between cycling (CS, CC, CF) and 

the other cyclical movements (Wilcoxon rank-sum test, Q < 
0.001) for each of the subjects tested. This can be ascribed 

to a difference of average orientation of the trunk and the 

thigh during cycling. However, intersubject significance of 

these findings could not be established because only two of 

the subjects had a sternum tangential accelerometer and only 
three subjects had a thigh tangential accelerometer. In contrast 

to the tangential sternum accelerometer, the radial sternum 
accelerometer did not show the distinction between cycling 
and the other cyclical movements in the two subjects in which 

it was measured [Fig. 7(a)]. This can be explained by the fact 
that the accelerometer in tangential direction is more sensitive 

for variation in average trunk orientation when the trunk is 

nearly vertical than the radial accelerometer [see (3 ) ] .  
For each subject, the mean values of the thigh tangential 

accelerometer signals [Fig. 7(c)l showed a statistically signif- 
icant distinction between ascending or descending stairs (SA 
and SD) and walking (WS, WC, WF) (Wilcoxon rank-sum 
test, a < 0.001). This finding was also statistically significant 
on an intersubject level (five subjects, sign test, a < 0.05). 

However, the inter-subject differences were such that a single 

detection threshold value for all subjects could not be used. 
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Fig. 5. Mean signal values (& standard deviation) of the uniaxial accelerom- 
eters mounted radially on the sternum (a), tangentially on the sternum (b), and 
tangentially on the thigh (c) during the static activities sitting (SI), standing 
(ST), lying supine (LS), lying on the right side (LR), lying on the left side 
(LL), and lying prone (LP) for the first group of five subjects numbered 0 4 .  

Means and standard deviations of the cycle durations and 

standard deviations of the signals are shown in Fig. 8 for 
the tangentially mounted accelerometer on the thigh. Both 

quantities are significantly correlated for walking and cycling 

(a  < 0.001). The correlation coefficients were -0.84 for 

walking and -0.73 for cycling. These correlation coeficients 

were determined after pooling the data for all subjects and 

for all speeds of walking respectively cycling. These results 
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Fig. 6 .  Representation of the static activities sitting (SI), standing (ST), lying 
supine (LS), lying on the right side (LR), lying on the left side (LL), and 
lying prone (LP) in the plane spanned by the tangential thigh accelerometer 
signal (horizontal axis) and the radial stemum accelerometer (vertical axis). 
All selected segments for the first group of five subjects were pooled together 
in this figure. 

indicate that cycle durations and standard deviations of the 

signal of the tangential thigh accelerometer contribute to the 

distinction of the speeds of walking and cycling. However, 
they do not contribute to the distinction of different kinds of 
dynamic activities. 

Distinction of dynamic activities by morphological com- 

parison of signals was investigated for the tangential thigh 
accelerometer. An example of the average cycle signals and 

standard deviations for walking at normal speed, ascending 

stairs and descending stairs are displayed in Fig. 9. The aver- 
ages were taken over all identified cycles in the experiment. 

The signals for ascending and descending stairs varied more 

than for walking as indicated by the standard deviations. 

The distinction in dynamic activities by signal morphology 

of individual cycles was investigated by determining the 
maximum correlation coefficients of individual cycles with 

templates from the different activities. Mean and standard 

deviation values of these correlation coefficients are given in 

Table I. The cross-correlation coefficients of individual cycles 

with templates of walking at any speed were significantly 

different from the cross-correlation coefficients of individual 

cycles of ascending or descending stairs with the same tem- 
plates (Wilcoxon rank-sum test, a < 0.001). This indicates a 
good distinction between walking at any speed and ascending 

or descending stairs on the basis of accelerometer signal 
morphology. The cross-correlation coefficients of individual 
cycles of stair ascent with the templates for stair ascent or 

descent were also significantly different from these coefficients 

for individual cycles of stair descent (Wilcoxon rank-sum test, 

Q: < 0.001). 

The actual detection performance on the basis of correla- 

tion coefficients are indicated by the ROC-curves in Fig. 10. 
Walking at any speed appeared to be well distinguishable from 
walking up stairs or down stairs (Fig. 10(a)), because high 

values of the detection probability estimate P d  are combined 
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(c) 

Fig. 7. Mean signal values zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(f standard deviation) of the uniaxial accelerom- 
eters mounted radially on the stemum (a), tangentially on the stemum (b), and 
tangentially on the thigh (c) during the dynamic activities walking (at slow 
WS, comfortable WC and fast speeds WF), ascending stairs (SA), descending 
stairs (SD), and cycling (at slow CS, comfortable CC and fast speeds CF) for 
the second group of five subjects, numbered zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5-9. 

with low values of the type two error estimate 8. The estimated 

type one and type two errors (1 - P d  and j, respectively) are 
equal at a threshold value of v = 0.33 with an estimated 

overall detection error percentage of 2.5%. Stair ascent and 
descent were less clearly distinguishable [Fig. 10(b)]: the 
estimated type one and type two errors are equal at a threshold 
value of v = 0.50, with an estimated detection error percentage 
of 20%, when correlating with the template for descending 

stairs. When correlating with the template for ascending stairs 

this estimated error percentage was 17%. 

v. CONCLUSION AND DISCUSSION 

This paper describes a new approach to monitoring am- 
bulatory activities for use in the domestic environment. The 
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TABLE I 
MAXIMAL CORRELATION COEFFICIENTS (MEAN VALUES & STANDARD DEVIATION) FOR SINGLE CYCLE SIGNALS FROM THE TEST SET AND 

TEMPLATES OF THE DYNAMIC ACTIVITIES WALKING (AT SLOW ws, COMFORTABLE wc AND FAST SPEEDS WF), ASCENDING STAIRS (SA) 
AND DESCENDING STAIRS (SD) FOR ALL FIVE SUBJECTS OF THE SECOND GROW THE SIGNALS WERE ALL OBTAINED FROM 

m G H  TANGENTIAL ACCELEROMETERS THE TEMPLATES WERE DETERMINED BY AVERAGING THE CYCLES OF THE TEMPLATE SET 

feasibility of distinguishing several static and dynamic ac- 

tivities (standing, sitting, lying, walking, ascending stairs, 

descending stairs, and cycling) using a small set of two or three 

uniaxial accelerometers placed on the trunk and thigh has been 

investigated under controlled circumstances. Accelerometers 

comply well with the requirements of an ambulatory system: 

they are small, light weight, easy to mount on the skin, and 
do not cross joints. However, these methods still need to be 
evaluated in the domestic environment when daily activities 

are performed without a strict activity protocol in healthy 

subjects as well as in subjects with motor disorders. This is 

currently under investigation [3]. 

It was illustrated that static activities could be distinguished 

from dynamic activities using the detector displayed in Fig. 2. 

Static and dynamic activities of sufficient duration (several 

seconds, several cycles) could be well detected. The detection 
of short static or dynamic activites and slow dynamic activ- 

ities depended on the setting of detector parameters. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA full- 

performance evaluation and optimal settings of the detector 
parameters (bandwidths of high and low pass filters and 

threshold) of this (statiddynamic) detector requires criteria, for 

example, stating what amount of small movements are allowed 

within static activities, and when slow movements should be 

called static or dynamic. These criteria may depend on the 

area of application of the detector. If criteria cannot be clearly 

formulated, the detector performance should be compared to 

an independent classification by experts. 

It can be concluded that the static activities standing, sitting 
and lying can be distinguished using one radial accelerometer 

on the sternum and one tangential accelerometer on the thigh. 
It should be noted that only unambiguous static activities 

were performed and evaluated in this study (sitting upright, 

lying horizontally, upright standing). If all possible postures 

occur, static activities need to be clearly defined. For example, 

what trunk angle range should be associated with sitting and 

what range is defined as lying. This would influence the 

classification of sitting in a comfortable chair when the trunk 

is not vertical. 

The results in this paper indicate that cycling can best be 
distinguished from walking, ascending and descending stairs 

by the mean signal values of the tangential sternum and thigh 

accelerometers. However, the intersubject significance of this 

finding was not established, since it was only investigated in 

two subjects. Walking can be distinguished from ascending or 

descending stairs by the mean signal values of the tangential 

thigh accelerometer or by the signal morphology of single 
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Fig. 8. Mean values zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(k standard deviation) of the cycle durations (a) and 
standard deviations (b) of the signals of the uniaxial accelerometer mounted 
tangentially on the thigh during the dynamic activities walking (at slow WS, 
comfortable WC and fast speeds WF), walking up stairs (WU), walking down 
stairs (WD), and cycling (at slow CS, comfortable CC and fast speeds CF) 
for the second group of five subjects, numbered 5-9. 

movement cycles, using the cross-correlation coefficient with 

templates. Intersubject significance was established for both 

methods. Ascending and descending stairs may be distin- 

guished by signal morphology, although this discrimination 

is rather poor (estimated 20% erroneous classification). Speed 

of the dynamic activities walking and cycling can best be 

distinguished by cycle time or standard deviation of the cycles. 

The performance of the dynamic activity classification on 

the basis of signal morphology may be improved if the 

average of more than one adjacent cycle is correlated with the 

templates of the different dynamic activities. These adjacent 

cycles are likely to belong to the same dynamic activity. 

Averaging these cycles may reduce the standard deviations of 

the correlation coefficients depicted in Table I and, therefore, 
improve the detection performance. 

An accelerometer is most sensitive to inclination changes 

when its sensitive axis is horizontal [see (4)]. This should 

be taken into account if static or dynamic activities are to 

be distinguished on the basis of relatively small mean angle 

differences of body segments. As an example, cycling may be 

distinguished from walking, ascending and descending stairs 

using a tangential sternum accelerometer rather than a radially 

directed accelerometer on the same site. 
In this study, the foot switch data was used to divide the 

segments of walking, ascending and descending stairs into 
cycles. Eventually, this division of cycles should be done 

-~ 
0 time [% of T,] 100 
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0 time [% of T,] 100 

(b) 

0 time [% of T,] 100 

(C) 

Fig. 9. Typical average cycle signals (k standard deviation) of the uniaxial 
accelerometer tangentially mounted on the thigh for the dynamic activities 
walking at comfortable speed (a), ascending stairs (b), and descending stairs 
(c) (subject 5). 

directly from the accelerometer signals, because applications 

in the domestic environment requires the smallest sensor set 

possible, positioned as closely as possible to the recorder, 

which is mostly worn at the waist. Preliminary investigations 

indicate that this division of the dynamic segments into cycles 

is feasible using bandfiltering with time-frequency analysis 

methods [8] or by determining maxima in the autocorrelation 

function. 

Several applications of long-term monitoring of physiologi- 

cal quantities exist. Examples are the functional assessment of 

the cardiovascular system by long-term measuring heart rate, 

blood pressure and electrocardiography [12], and the assess- 
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Fig. 10. Receiver operating characteristics (ROC) of dynamic activity de- 
tectors based on the maximal cross-correlation coefficients of the signals of 
individual cycles and templates of the dynamic activities. Signals of thigh 
tangential accelerometers were used for the detection. (a) Detection of walking 
at any speed out of a population of cycles of walking at any speed, ascending 
stairs and descending stairs (~ZWS,WC,WF = 248, ~ZSA,SD = 75). For the 
detection, the maximal correlation coefficient was used with the templates for 
walking at slow (WS), comfortable (WC), and fast speeds (WF). (b) Detection 
of descending stairs out of a population of cycles of ascending and descending 
stairs, using the template for descending stairs ( R S A  = 40, R S D  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 5 ) .  All 
data of all dynamic activities of the second group of five subjects were pooled 
together in this figure. For each subject, the individual cycles were correlated 
with the template of that subject. 

ment of spasticity by long-term measurement of electromyo- 

graphy [7]. Such long-term physiological measurements in 

the domestic environment may yield a more representative 

functional assessment than short-term measurements in the 
laboratory, since dysfunctions may occur infrequently or may 

be influenced by circumstances. In the applications of long- 
term measurements of physiological quantities, it is important 
to simultaneously record activities, since the occurrence of 
physiological dysfunction may be related to these activities. 
The methods for activity monitoring presented in this paper 
may be very suitable for this purpose. 
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