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ABSTRACT

Keywords

Fitness advancement has been shown to be one of the most effective interventions against disease and critical to the promotion of
general health and wellness. At the same time, ﬁtness evaluation
and development of appropriate intervention techniques traditionally requires participation of experienced trainers or physician, expensive equipment and dedicated instrumented exercise facilities.
Furthermore, while critically important in maintenance of health,
ﬁtness evaluation is not available to most individuals due to cost
and facility access. This paper presents StepFit - the ﬁrst of its
kind automated low cost system for ﬁtness evaluation and promotion. The system consists of heart rate and motion sensors, and
a computation platform for data aggregation, processing and subject feedback. StepFit automates well known and well validated
ﬁtness evaluation protocols, referred to as step tests, by capturing
the measurements of the heart rate for ﬁtness evaluation, and motion for ensuring that the exercise intensity is maintained according
to the required protocol. The system provides guidance, determines
test completion and provides assurance of protocol compliance. Finally, StepFit provides feedback in the form of ﬁtness evaluation
based on the acquired data and standard validated models, while
at the same time archiving the model relating heart rate response
of the individual to the selected step test. The heart rate model is
based on clinically validated protocols and is used for physiological
response analysis and prediction. This paper presents a successful
proof of concept validation of StepFit in evaluation of ﬁtness for
multiple subjects and demonstrates applicability to a broad class
of related assessment protocols as well as support by many mobile
platform choices.

Harvard Step Test, Heart Rate Fitting, Fitness Index

1.

INTRODUCTION

Physical activity and ﬁtness promotion are central to the management and promotion of health and wellness. There exist numerous studies [19][4] showing the effects of the physical activity
and ﬁtness on prevention of chronic diseases, premature death and
improvement of mental well-being in the general population. Despite these broad beneﬁts, many members of the population follow
a sedentary lifestyle due to the constraints imposed by work and
home life with little or no time dedicated to physical activity and
ﬁtness promotion. This is partially related to the costs associated
with ﬁtness assessment and advancement methods traditionally requiring expert trainer participation, ﬁtness center access, expensive
equipment and time.
The StepFit system exploits recent advances in wearable sensing and computation platforms to introduce low-cost systems for
physiological monitoring, ﬁtness assessment and feedback. StepFit systems can adapt to a user’s schedule and can be deployed at
the preferred location, not requiring additional exercise equipment.
Heart rate (HR) temporal response to variation in physical activity level is critical to ﬁtness evaluation. Methods based on this
principle have a rich set of applications ranging from assisted health
to athletic ﬁtness enhancement. For example, researchers of [11]
show higher HR variability (a metric of cardiac health) associated
with higher ﬁtness levels. While [2] shows the usage of the HR
after a maximal/submaximal exercise as a predictor of mortality.
This paper describes StepFit - a low-cost, easy to set up, selfcontrolled and automated system for ﬁtness evaluation, individualized physiological response modeling and prediction. StepFit enables automation of a category of standard ﬁtness evaluation tests step tests [15][10][5][16].
Step tests have been developed as a relatively simple alternative
to measuring aerobic ﬁtness requiring minimal available space or
equipment. These now standard tests are performed by the subject
stepping onto and off a platform of selected height h with a predetermined stepping frequency f over a period of a certain time t or
until exhaustion. For example, in the Harvard Step Test (HST) [8],
exhaustion is deﬁned as inability by the subject to maintain the selected stepping frequency for 15 consecutive seconds. Depending
on the selected step test, the height of the bench, h, can be selected
anywhere between 6-20 inches, while f and t also vary. This ensures that an appropriate step test can be selected in accordance
with subject’s ﬁtness condition, biomechanical and age characteristics. StepFit automates any type of the step test, but in this pa-
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per the HST [8] is presented as an example. The following are
the parameters of the HST: h = 20 inches, t = 300 seconds, f =
0.5 steps/second. Please note that for simplicity, in this paper we
will refer interchangeably to the stepping frequency as the period
during which the step occurs. These parameters, of course, are reciprocally related.
StepFit system consists of an HR sensor, motion sensor and a
computational platform hosting algorithms for data aggregation,
analysis and subject feedback. In addition to automation of the step
tests, StepFit also models individual’s HR response to each of the
tests performed. The HR modeling in StepFit relies on using an exponential hyperbolic sine function that was shown to be effective in
several formally conducted studies [12] where subjects performed
constant workload activities. The individual HR modeling can be
used to analyze response of the subject across a variety of workloads (i.e. step frequencies) and predict individual’s physiological
response in the future.
The StepFit system advantages include:

(a) StepFit sensor kit including a ﬂexible substrate,
compact volume motion sensor at lower left

1. Support for a variety of step tests adjusting to individuals
with diverse biomechanical characteristics and age providing
more accurate estimation of the aerobic ﬁtness.
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2. Automatic maintenance of the exact pace by generating a
metronome like sound beat for every step, and monitoring
the stepping technique by notifying the user in cases when
actual stepping frequency is faster or lower.

 Sening

Motion
Unit

3. Archival and processing of subject’s physiological parameters, such as heart rate and motion.
4. Automated ﬁtness score computation based on validated equation.

(b) Subject during ﬁtness assessment by StepFit

5. Modular design to support future automated recommendation development for individualized step aerobic exercise regimen based on subject’s ﬁtness performance, age and biomechanical characteristics. This capability is currently under
development.

Figure 1: StepFit Sensor Kit and Experimental Setup

of the ADC ports. Data from the chest strap is transmitted wirelessly to Polar HR receiver module using the Polar protocol, and
then relayed by MicroLEAP via its Bluetooth interface to the computing platform (e.g. mobile phone or a laptop). The data from the
HR chest strap is sampled with a frequency of 200Hz and then averaged by the computational platform at 1Hz, which provides the
value of heart rate every second. This processing algorithm suppresses inherent measurement noise and outliers.
Motion is monitored by a tri-axial accelerometer, depicted at the
lower left corner of Figure 1a. The tri-axial accelerometer sensor is
connected to a second MicroLEAP platform through a set of ADC
ports and data is relayed via Bluetooth to the computation platform.
Note that the motion sensing unit (MicroLEAP platform with a
tri-axial accelerometer) is developed on a ﬂexible substrate, which
makes it practical to be worn unobtrusively around the ankles or, as
shown on Figure 1b, attached to subject’s shoes. The MicroLEAP
samples accelerometer with 100Hz, however, from our experimental results lower sampling frequencies, such as 40Hz, would also
be adequate.

6. Unique capability for individualized HR modeling, prediction and assessment. This also enables determination of the
maximal workload that should be recommended to the individual for ﬁtness evaluation or exercise.
This paper is structured as follows. Section 2 introduces the sensing platform, system diagram and user interface. Section 3 presents
the algorithm for HR modeling and prediction, and addresses the
signal processing module. Results are presented in Section 4. Conclusions and future work are addressed in Section 5.

2.

SYSTEM OVERVIEW

The StepFit system consists of the sensors (HR and motion),
computation platform (including either netbook or a mobile phone)
for sensor data processing and audiovisual user feedback, and a one
height or adjustable height stepping platform.

2.1

Sensing Platform

2.2

Figure 1 shows the StepFit sensor system and experimental setup.
Two types of sensors are used in StepFit - heart rate (HR) and motion. As shown on Figure 1a, HR monitoring system is based on the
Polar chest strap[18] and a Polar HR receiver module[14] attached
to a MicroLEAP[1]. MicroLEAP is a Bluetooth enabled sensing
platform with 8 ADC ports available for customized applications.
Polar HR receiver module is connected to MicroLEAP through one

Harvard Step Test

As described in Section 1, StepFit is designed to automate each
of the standard step tests. As noted, this paper emphasizes the Harvard Step Test (HST) [8]. The HST is a simple-to-conduct and
widely used test [15][3][9][17] for aerobic ﬁtness evaluation. The
HST protocol calls for a subject to step on a 20-inch platform for
5 minutes or until exhaustion. Exhaustion is deﬁned as not being
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(a) GUI Interface
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(b) HST Routine Flowchart



 

  


 


 







 

 


(c) System Flowchart
Figure 2: System Block Diagram

able to maintain step frequency continuously for 15 seconds. In the
presented system, one step is deﬁned as alternating steps performed
by the two feet in a complete cycle of "up-up-down-down". In the
rest of the paper step period represents the time required to complete a step and step frequency, which is 1/step period, represents
the number of steps per second. Please note that when discussed in
the context of exercise intensity, step period and step frequency can
be used interchangeably as reciprocally related.
In order to guarantee that subject follows the prescribed step frequency (exercise intensity), a frequency monitor module is implemented. It automatically provides warnings if the subject deviates
from the target frequency and terminates the test if the subject is
unable to maintain stepping frequency for 15 seconds continuously
(note that this threshold is the same as reaching exhaustion).

2.3

The user inputted parameters include: STEP PERIOD - the target step period for the selected test (note that this is a measure of
exercise intensity and reciprocally related to the step frequency);
STEP DURATION - the predetermined duration of the selected
step test; MODEL FILE - the personal database proﬁle that will be
used for prediction and also updated after every step test; BASAL HR
- the basal heart rate derived by the system automatically before every step test.
As mentioned above, the panel on the right side of the GUI is
dedicated to real-time feedback displaying current HR and motion
information, guiding the user via audio cues when the next step
needs to be taken and provides warnings in case the user performs
the test incorrectly or is at the point of exertion.
StepFit information ﬂow diagram is shown on Figure 2c. When
StepFit application is initiated and the sensor systems are turned on,
the computing platform automatically connects to the sensors via
Bluetooth and generates appropriate sensor data proﬁles. At this
point the StepFit GUI is displayed and the system is ready to operate. The user can then provide parameters, as described above, for
the desired step test to be performed or for the prediction/compare
functionality of the system.
If the subject presses "Step-test" button, the step test is initiated
(e.g. Harvard Step Test in the example of this paper). As shown
on Figure 2c, basal or resting heart rate (Bhr) is ﬁrst recorded. Bhr
is deﬁned as an average value of individual’s heart rate that does
not vary signiﬁcantly in time. Once the Bhr is determined, system
initiates a step test routine (HST routine ). Figure 2b shows a block
diagram of the HST routine. The HST routine records HR and
monitors step frequency simultaneously. In parallel, the computing
platform initiates a metronome like audio signals and text outputs to
assist subject with correctly following the selected step frequency.
Each sound or system notiﬁcation corresponds to 1/4 of a complete

System Diagram and User Interface

Figure 2 shows the StepFit Graphical User Interface (GUI) and
the information ﬂow diagram in the system. The StepFit GUI and
processing system is composed in Java to ensure portability to ﬁxed
and mobile platforms including Android platforms. When the StepFit application is executed, the GUI is displayed as shown on Figure 2a. This interface enables a selection of computing modules on
upper left, user inputted test parameters on lower left and system
real-time feedback on the right side panel. The computing modules
include:
1. Step-test: Initiation of the HST routine.
2. Predict: Prediction of the individual’s HR response based on
the inputted parameters and individualized HR model database.
3. Compare: Comparison between the predicted and actual HR
models(computed during the latest test).
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Figure 3: Signal Processing of Motion Data
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Figure 4: Curve Fitting With Different Workloads

step cycle, i.e. steps performed by either of the legs up or down.
If the step frequency deviates from the target value, a warning
message is generated on the screen and played via audio to assist
the subject to speed up or slow down their step rate. If the subject
cannot adjust the step rate accordingly and the warnings persist for
15 consecutive seconds, the test is terminated and the system assumes subject reached exertion. Otherwise, the HST routine completes the test when the parameter inputted in TEST DURATION
is reached.
At the end of the HST routine the StepFit system models the individual HR response to the exercise intensity of the test and computes the ﬁtness score using the standard HST model. The HR
model (some examples are shown on Figure 4) and the ﬁtness score
(refer to Figure 5) are displayed for individualized feedback. Furthermore, user’s database ﬁle is updated with the latest HR model.
If the subject presses "Predict" button, then prediction routine
is initiated. This routine enables prediction of the HR response
with changes in workloads (i.e. step period or frequency), which
is a valuable analytical tool in studying performance. During prediction phase, the system applies interpolation/extrapolation using
parameters of models archived in user’s database ﬁle. Due to space
limitation, further discussion of the prediction capability and corresponding results are not included in this paper.
If the subject presses "Compare" button, validation of the prediction capability of the system with the actual performance during
the step test is performed. As can be noted from Figure 2c, the system predicts the HR response using provided parameters and then
initiates a step test to collect the latest ﬁtness data from the subject.
Once the step test completes, the statistics are displayed showing
accuracy of the prediction method. Note, however, that the accuracy of system prediction improves as the user’s database increases

the number of collected models.

3.

ALGORITHM DESIGN

3.1

Heart Rate Modeling

Given a constant workload, such as step frequency, the HR response was shown to be accurately modeled with an exponential
hyperbolic sine function[12]. This function can be deﬁned by Eqn.1,
where HR represents heart rate (in bpm) at time t and Bhr represents
basal heart rate (in bpm) before the exercise. The coefﬁcients in the
equation (i.e. α, β and ω) do not have physiological meaning and
vary with different workloads and individual characteristics.
HR = Bhr + α · e−β·t sinh(ω · t)

(1)

The nonlinear HR curve ﬁtting is realized by using the LevenbergMarquardt minimization routine[13].

3.2

Frequency Monitoring

As described above, the StepFit system provides automated warnings when the user deviates from the selected constant workload
(e.g. step frequency or period). This is accomplished by processing motion sensor data and computing the exact step frequency during the step test. In the presented system the frequency analysis is
performed on the dominant axis of the motion sensors.
The real-time data is stored in a temporary buffer and has a minimal length of L, deﬁned as L = 2 ∗ step period ∗ sample rate. The
buffered data spans a time window from the current motion sample
to L previous samples. This guarantees that at least two step cycles
can be captured in the buffer. The minimal length setting is applied
to ensure that historical data will not dominate changes in current
data.



Table 1: Multiple Subjects’ Proﬁle Comparison

Next, the offset is removed from the raw data, followed by a
moving-average smoothing ﬁlter. Smoothing removes coupled high
frequency noise in the data. Finally, a piece-wise local minimum
function is employed to ﬁnd local minima point[7]. The search
piece however has to be carefully selected. It is closely correlated
with the stepping frequency.
Figure 3a shows the raw stepping data with frequency of 0.5
steps/second (step period of 2), Figure 3b shows this data after
smoothing and Figure 3c shows the selected local minima values.
Finally, adherence to the step frequency is determined as practical variations within 20% from the target. Deviations above or
below then result in appropriate warning messages generated by
the StepFit system.
Note that this approach was experimentally validated to be robust
in practice. Furthermore, due to its simplicity, these algorithms can
be implemented in the microprocessor of the MicroLEAP sensor
nodes, if the computation platform has limited capabilities or to
reduce communication overhead between sensors and the platform.

3.3

Subject
No.1
No.2
No.3
No.4
No.5

Prediction Method

Workload
2s
3s
4s
5s
6s
7s

β
0.009700
0.05180
0.03500
0.05810
0.09680
0.08550
0.1043
0.05100
0.03880
0.01440
0.04910
0.03530
0.01480
0.02450
0.06200

ω
0.002400
0.05180
0.03270
0.06100
0.09610
0.08690
0.1077
0.05010
0.04030
0.01720
0.04940
0.04010
0.01520
0.02340
0.06250

Residual
10.37
11.98
6.507
7.605
9.795
6.852
12.91
9.391
9.702
5.590
7.396
7.865
4.204
5.690
6.4495

Bhr
78
67
73
71
78
79

α
940.3
144.7
83.90
86.97
68.77
65.37

β
0.0097
0.0314
0.0518
0.044
0.0394
0.035

ω
0.0024
0.0343
0.0518
0.0413
0.0390
0.0327

Duration
96
120
119
120
120
120

Residual
10.37
13.92
11.98
7.540
5.681
6.507

the exponential hyperbolic sine function to modeling HR response
during the step test. The residual is deﬁned in Eqn.2, where N
represents the total number of points used for modeling, Cf it represents the ﬁtted curve and Creal represents the actual HR response
during the test.

RESULTS

As described above, StepFit is a system that automates existing
and well validated ﬁtness assessment (e.g. step tests) and HR modeling technique (for example, exponential hyperbolic sine function). Therefore, this section presents several proof of concept validation results that demonstrate functionality of the system.

4.1

α
940.3
83.91
65.37
95.77
55.63
51.01
75.43
46.96
48.05
112.02
91.53
37.10
130.5
82.14
29.18

Bhr
78
73
79
84
92
87
65
61
58
103
88
104
75
63
84

Table 2: A Subject’s Heart Rate Proﬁle vs. Workloads

The prediction routine algorithm performs a search through the
user’s HR model database for a match using the step frequency
parameter (exercise intensity). If such a match is discovered, the
database entry is used for prediction. Otherwise, interpolation and
extrapolation are employed relying on the user’s database models
in the immediate vicinity of the desired step frequency parameters.

4.

Workload
2s
4s
7s
2s
4s
7s
2s
4s
7s
2s
4s
7s
2s
4s
7s

Residual =

HR vs Workload

Depending on individual user characteristics and selected workloads, the heart rate response and the corresponding model will exhibit substantially different trajectories. As shown on Figure 4, HR
response to constant workload can be divided broadly into 3 categories associated with exercise intensity: heavy, medium and light.
For each of these exercise intensity categories, HR response has
unique properties. As can be noted from Figure 4a, for a heavy
workload, the HR response has a tendency to increase after an initial sharping rising phase. For a medium workload, the HR response tends to stabilize after the initial rising phase (refer to Figure
4b). Finally, for the light workload, the curve tends to eventually
decrease, as shown on Figure 4c. Important to note that for individuals with diverse biomechanical characteristics, ﬁtness level or age,
the stepping frequency correspondence to the 3 different classes of
workloads may be different. Therefore, focusing on individualized
HR modeling and ﬁtness optimization is critical and can be determined by the StepFit system analysis.
Table 1 shows the HR modeling performed by StepFit for ﬁve
subjects with 3 different workloads (step frequencies or step periods). Note that the diversity in the model parameters, which accentuates the need for individualization.
Another proof of concept evaluation of StepFit was performed
with an individual subjected to a variety of different workloads.
Table 2 shows the HR proﬁles for this individual under different
step frequencies (step periods). The residual, which shows the accuracy of HR modeling, is relatively small, especially noting that
HR deviations within 10bpm are considered normal when comparing different sensors. This accentuates the practical application of

4.2

N
1 X
(Cf it (i) − Creal (i))2
N i=1

(2)

Fitness Index

Once the subject completes the selected step test, the StepFit system computes the ﬁtness index score based on the standardized and
validated measures of aerobic exercise capacity and heart rate recovery. The score formulation is deﬁned in Eqn.3 [6], where the
Exercise Duration is either the selected duration of the test or time
to exhaustion, Recovery Beats are computed as the sum of heart
beats 1 to 1.5 minutes after the test, plus the beats 2 to 2.5 minutes
after the test, plus the beats 3 to 3.5 minutes after the test. For Harvard Step Test, the ﬁtness index is only evaluated with step period
of 2 seconds (i.e. step frequency of 0.5).
Table.3 shows the standard ﬁtness index values and the corresponding aerobic ratings. Figure 5 shows the ﬁtness index feedback
generated by the StepFit system for one of the subjects.
Fitness Index =

5.

100 × Exercise Duration
2 × Recovery Beats

(3)

CONCLUSION AND FUTURE WORK

Fitness evaluation and promotion are critical measures for preventing disease and promoting health and wellness on a large population scale at low cost. This paper presented StepFit - an automated self-administered, low cost and convenient system for ﬁtness
evaluation, heart rate response analysis and prediction. The StepFit system consists of unobtrusive low cost HR and motion sensors, and a computational platform that is used for data processing,



[3]
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Figure 5: Fitness Index Generated by StepFit
Table 3: Fitness Index Table

[7]

Rating
Excellent
Good
High average
Low average
Poor

[8]

Fitness Index
>90
80 to 89
65 to 79
55 to 64
<55

[9]

archival and user feedback. The system automates step tests (for
example, the widely applied Harvard Step Test), which are standardized ﬁtness evaluation techniques that are extensively validated
in diverse subject populations. By introducing automation and networked data acquisition, StepFit directly resolves a challenge in
deployment of the step test that otherwise requires the presence of
trained personnel.
The StepFit system assists a user in performing the step test by
automatically performing the physiological data collection, ensuring the test duration and monitoring the stepping technique by evaluating subject’s step frequency. The system also performs accurate
HR modeling based on the validated exponential hyperbolic sine
function model. The HR models are archived in the individualized databases which can be used for HR analysis and prediction of
physiological response to changing workload demands.
In our current and future work, we have partnered with the UCLA
Exercise Physiology Laboratory from the School of Medicine to
augment the StepFit system with an automated ﬁtness prescription
method. This method will individually determine exercise intensity
(step frequency), bench height and exercise duration based on the
results of the test, biomechanical characteristics of the individual,
age, gender, preexisting medical conditions and the desired ﬁtness
target.
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