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Abstract Prior research has shown piezoelectric vibration sensors can detect sail
luffing[13], the acceleration of a flexible sail out of its normal wing state caused by a
momentary reversal of the air pressure gradient over the sail. Luffing decreases boat
performance by reducing the lift generated by the sail[8]. Yet detecting sail luffing
in flexible sails for robotic sailboats is still challenging. This paper presents three
methods of sensing characteristics of a luff – air pressure differential which causes
the luff, the acceleration of the sail as the luff occurs, and the influence of motion
and acceleration of a luffing sail on members placed on the sail. We assess three
different sensor types based on cost, ease of use, complexity of electrical interface,
power consumption, accuracy of the sensor and amount of noise in sensor readings.
To classify the most effective sensor for a given set of constraints, a multifaceted
analysis has been performed with a piezoelectric vibration sensor, an acceleration
sensor, and a gas pressure sensor. The accuracy and precision of each sensor at
sensing sail luffing is evaluated by comparing the sensor output with a plot of the
position of a single point on the sail through time generated with computer vision.

1 History & Current Technology

Sails have re-gained popularity as a method of propulsion as the cost of fossil and
other incinerated fuels rises and interest in reducing carbon emissions increases.
However, traditional, flexible sails require the attention and intervention of a human
to keep them trimmed to generate the most propulsive force.
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Most robotic sailboats approximate the sail setting with respect to the measured
wind angle [11, 1, 6]. This is frequently done with trigonometric functions or a sim-
ple ratio between sail actuator position and sail position. While effective in many
situations, it assumes a uniform system that functions consistently. This is not al-
ways an accurate assumption. For example, if the original sail is replaced with one
with slightly different dynamics.

In human operated sailing systems, the operator(s) observes the sail and adjusts
it to generate lift. Performance is improved because luffing is avoided [8]. The oper-
ator intuitively provides the system with closed loop control. Presently, most robotic
sailboats lack this capability [14] [9] [4] [5]. Implementing a method of obtaining
feedback about whether the sail is luffing or not can help reduce luffing. It has previ-
ously been shown that this feedback can be obtained with use of a piezoelectric vi-
bration sensor [13]. Our work has shown that two additional methods can be used to
sense sail luffing: fluid pressure and acceleration sensors. The fluid pressure sensor
works by sensing the changes in air pressure which cause luffing. The acceleration
sensor senses the acceleration of the sail at the positional extrema encountered by
the sail while luffing.

To test the efficacy of these different methods of sensing, representative sensors
from each of the three classes of sensor are used. For the piezoelectric vibration
sensor, the Minisense 100 [12] by Measurement Specialities was used, see Figure 1.
The analog acceleration sensor ADXL 335 [2], Figure 2, sensed acceleration. The
BMP 180 [3], Figure 3, was used as a fluid pressure sensor.

Fig. 1: Minisense 100
piezoelectric vibration
sensor

Fig. 2: ADXL 335 analog
acceleration sensor

Fig. 3: BMP 180 fluid
pressure sensor

2 Economic Comparison

All three sensors are affordable when purchased from the less expensive vendors for
both small and large scale installation. Cost is recorded in Table 1.
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Table 1: Economic comparison of the different sensors for both manufacturer and
hobbyist vendors.

Sensor Electronics Store Ebay (China)
Minisense 100 $2.95 $3.98
ADXL 335 $14.95 $2.28
BMP 180 $9.95 $2.46

3 Power and Interface Comparison

The Minisense 100 employs a piezoelectric ceramic material to sense vibrations.
This produces a voltage as the sensor flexes as a result of the sail luffing; therefore,
the sensor does not need to be powered to sense and can have a neutral effect on
power consumption. This specific sensor could be replaced by a piezoelectric device
designed for power generation and generate power. Only two wires are necessary to
read from this sensor–one connecting the sensor to ground and the other detecting
the output. A diode is connected in series. The voltages generated on a luffing sail
tends to be greater than .75 V off the average output of the sensor when the sail
is holding shape. Therefore, without accompanying circuitry, the output will satu-
rate the analog to digital conversion offered on most standard computation devices.
Placing a diode in series improves this.

The ADXL is powered between ground and either 1.8-3.6 V (standard) or 3.5-
5 V, depending on which breakout board is used. The output is an analog voltage
proportional to acceleration. The sensor draws approximately 320 µA of current and
consumes approximately 1.15 mW of power.

The BMP 180 powered between ground and 1.8-3.6 V. It communicates over
the I2C protocol with the data lines also at 3.3 V. It is recommended that pull-up
resistors are used with the device, though in most cases the device still functioned
without them. The data returned is proportional to pressure and can be converted
to pressure. The algorithm for this is given in the data sheet. When reading one
pressure value per second, it draws 5 µA

s for a power consumption of approximately
18 µW . It uses significantly less power than the ADXL and can be put into an even
lower power ”sleep” mode to further conserve power.

These features are summarized in Table 2.

4 Data Comparison

In order to compare the effectiveness of the different sensors at detecting sail luffing,
the sensors were placed on a sail and tested in an experimental setup.
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Table 2: My caption

Sensor Signal Type GPIO Needed Supply
Voltage

Power
(µW ) Circuitry

Minisense 100 Analog/generative Ground, analog input None na Diode

ADXL 335 Analog
Power, Ground,one
pin for each axis
(min 1, max 3)

1.8-3.6 V 1150 None

BMP 180 I2C
Power, Ground,
I2C bus (shared SCL
and SDA lines)

1.8-3.6 V 18
Pull-up
resistors (2)

4.0.1 Experimental Setup

A sail (luff of 1054 mm) was constructed out of thin BoPET (biaxially-oriented
polyethylene terephthalate) polyester film. The sail was designed in SailCut CAD
[10], the template’s likeness was transferred to the film with marker, then cut by
hand with scissors. These panels were constructed into a sail with cellophane tape
and vinyl flooring glue. The mast and boom were fabricated from half-inch, balsa
wood dowels. The boom vang and downhaul are string. A mounting platform was
made with a press-fit hole in a 30 cm x 15 cm x 5 cm wood block. This testing
apparatus secured to the top of the car along the center line of the car with four
lines attached to the base and tightly tied atop a car roof, see Figure 4a. The car was
driven at 15 miles per hour in a straight line on a low wind night.

(a) The experimental setup mounted atop the car
(b) Schematic diagram of positioning of the cam-
eras and reference frames relative to the sail.

Two trial variations were used. In the first, the sail was trimmed correctly so it
held its shape and did not luff. In the second, the line securing the sail was slack
causing the sail to luff violently in the wind. This simulates an incorrectly trimmed
sail or a sail in irons. Five trials of each variation were performed. Finally the sensors
were tested in a trial where the sail begins correctly set, but is released midway
through the trial so luffing begins. In this trial, we look for a change in sensor output
at the transition from holding shape to luffing.
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Data from the sensors was collected with an Arduino Uno. The Sparkfun BMP
180 library[15], was used to read data from the fluid pressure sensor. The Analo-
gRead function from the standard Arduino library was used to read data from the
piezoelectric vibration and acceleration sensors.

The data was received from the Arduino over a serial connection to the computer
where it was read in by a Python script. When this receives data, it saves the most
recent camera frame. Tests were conducted at night with a C270 Logitec webcam
directed at a red LED mounted on the sail near the sensors as shown in Figure 4b.
A color threshold was then taken on the resulting image and the centroid of the
smallest circle then found to track the position of the LED. This image processing
was done with OpenCV in real time and was refined after data was collected.

4.1 Data Analysis

In general, sensor output when the sail is luffing is more erratic. This can be seen
in the difference in output with characteristic plots of sensor data from trials seen in
Figures 5, 6, and 7 for the sail holding shape and luffing in Figures 8, 9, and 10. In
addition to the magnitude and range of sensor output changing, it also varies more
and at a greater frequency.

Fig. 5: Output of the
Minisense 100 as the sail
holds its shape

Fig. 6: Output of the
ADXL 335 as the sail
holds its shape

Fig. 7: Output of the BMP
180 as the sail holds its
shape

To obtain a more thorough image of sensor efficacy, we summarized the data.
For the Minisense 100 and ADXL 335, we computed the “rectified average” and
“average of maxes.” The rectified average was obtained by first normalizing the
data about zero to account for the sensor offsetting its output around 2V to avoid
outputting negative voltage. To do this, the line of best fit through the data was
found with the polyfit function from Numpy. The inter intercept this yielded was
ten subtracted from the data to centralize it about zero. Finally, we took the absolute
value. This gives us a method of comparing the sensor output for luff events in both
directions. To compute the average of maxes, we found the maximum value in a
moving time window and then averaged the result. This provides some averaging
to account for system noise. The average of maxes amplifies the extreme behavior
which characterizes luffing. This can be seen in Tables 3 and 4.
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Table 3: Processed data results from each trial and summaries of the data output as
the sail holds shape. STD is the standard deviation.

Trial Number: 1 2 3 4 5 6 7 8 9 Mean STD
Minisense 100 Rectified Mean 0.37 0.28 0.17 0.25 0.21 0.35 0.18 0.12 0.22 0.24 0.08
Minisense 100 Mean of Maxes 1.17 0.5 0.24 0.36 0.19 0.53 0.17 0.25 0.34 0.42 0.29
ADXL 335 Rectified Mean 0.11 0.2 0.11 0.1 0.12 0.11 0.09 0.08 0.11 0.11 0.03
ADXL 335 Mean of Maxes 2.2 2.49 2.21 2.21 2.27 2.24 2.16 2.17 2.13 2.23 0.10
BMP 180 Mean Variance (x102) 0.12 0.18 0.18 0.15 0.13 0.14 0.14 0.18 0.08 0.15 0.03

The output of the BMP 180 is a bit different as it can be quite hard to decipher
what it says about the state of the sail. The pressure can vary due to other factors
such as changing speed of the vehicle. Therefore, we instead compute the variance
of the data within a moving time window with the var function in Numpy. As the
sail luffs, the variance increases. We report the mean variance from the moving time
window in Tables 3 and 4.

Fig. 8: Output of the
Minisense 100 as the sail
luffs

Fig. 9: Output of the
ADXL 335 as the sail luffs

Fig. 10: Output of the
BMP 180 as the sail holds
its shape

Table 4: Processed data from trials when the sail was luffing. STD is the standard
deviation.

Trial Number: 10 11 12 13 14 15 16 17 18 Mean STD
Minisense 100 Rectified Average 0.26 0.22 0.36 0.26 0.25 0.36 0.54 0.31 0.28 0.32 0.09
Minisense 100 Average of Maxes 0.54 1.2 0.52 0.73 0.52 0.58 0.97 0.65 0.56 0.70 0.22
ADXL 335 Rectified Average 0.21 0.49 0.5 0.37 0.3 0.44 0.33 0.49 0.33 0.38 0.10
ADXL 335 Average of Maxes 3.3 3.18 3.18 3.16 3.26 3.26 3.16 3.14 2.83 3.16 0.13
BMP 180 Average Variance (x102) 0.37 0.24 0.27 0.2 0.11 0.27 0.15 0.21 0.18 0.22 0.07

Finally, we present the results of the data processing over time during an example
trial where the sail goes from luffing to holding its shape, see Figure 11.
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Fig. 11: Output of the processed data over time compared to the raw acceleration
and vibration data. As the sail transitions from luffing to holding shape, the output
of the processed data decreases, too. Raw acceleration and vibration data is in volts.
The pressure variance is scaled by a factor of 10.

5 Use Recommendations

As ease of use increases, the specificity of the available data decreases. For the most
straight forward, simple method of sensing sail luffing, an acceleration sensor should
be used. A threshold can be set above which the sail is considered to be luffing.

The piezoelectric vibration sensor is the next easiest sensor to work with. It excels
in situations where minimum power consumption is needed or an extremely robust
sensor is desired; however, it outputs significant signal noise. This sensor needs the
fewest connection lines and has no electrical components to burn out or short.

The fluid pressure sensor provides a tremendous amount of information about the
condition of the sail, beyond if it is just luffing or not. However, it’s also harder to
distill what this data means about the luffing status of the sail. If additional informa-
tion about the sail is desired, such as the pressure difference between the two sides
of the sail or the pressure in different regions of the sail, for example, to quantita-
tively test the effect of changing shape and features of the sail on sail performance it
can be a reasonable choice. It could be an excellent input for a genetic algorithm to
tune sail position or a controller which maximizes the pressure difference between
paired sensors.
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6 Conclusions and Future Work

The ultimate conclusion from this comparison is that each sensor has its own use
case. The accelerometer is good for quick, accurate results, but requires more power.
For an incredibly robust, power efficient system with a bit more work, the piezoelec-
tric vibration sensor is the best option. If the most data about the system and state of
the sail is desired the fluid pressure sensor is the best option. Future work should fo-
cus on incorporating these sensors into controllers to eliminate or reduce sail luffing
in both experimental setups and real robotic sailboats.
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