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Abstract—In response to the need for sustainable energy
solutions, solar panels have gained significant traction. One way
to increase the energy capture of solar systems is through solar
tracking, a means of reorienting solar panels throughout the day
in order to face the sun. The energy consumption increase that
comes with solar tracking often far outweighs the amount of
energy required to move the panel, which makes it a compelling
strategy for improving solar systems. Unfortunately, while solar
trackers are commonly used in large solar farms, they are rarely
used on rooftops, an area where solar panels are commonly
installed. This is for two primary reasons: (1) most commercially
available solar trackers are too large to be installed on roofs
and (2) even if traditional solar trackers were made in a more
compact form-factor it would be difficult to densely lay them
out on a roof without the trackers substantially shading each
other. In order to address these issues, we introduce OriTrack,
a small three-degree-of-freedom (3 DOF) solar tracker which
reduces the area of its shadow by reducing its height as it tracks
the sun. In this paper we discuss the design, manufacturing,
and control of OriTrack. We then compare OriTrack to a flat
reference panel, the solar energy solution commonly used on
roofs today, and find that OriTrack demonstrates 23% increased
energy production. This result suggests OriTrack could be used
as a future solution for solar tracking on rooftops.

Index Terms—Energy and Environment-Aware Automation,
Soft Robot Applications, Soft Robot Materials and Design

I. INTRODUCTION

In recent decades, the world has experienced a rapid
change in climate patterns, driven primarily by the increase
in anthropogenic greenhouse gas emissions [1]. The alarming
consequences of climate change have underscored the urgent
need to transition away from fossil fuels towards cleaner and
more sustainable sources of energy [1], [2]. In light of this,
renewable energy technologies have emerged as vital tools
for mitigating the effects of climate change and fostering a
sustainable energy future.

Solar energy, as a prominent renewable resource, can meet
a substantial portion of the world’s clean energy demands
because it produces negligible greenhouse gases [3]. How-
ever, the efficiency of solar energy conversion is significantly
influenced by the angle of incidence of sunlight on solar
panels [4]. For this reason, solar tracking has gained traction.
Solar trackers dynamically adjust the orientation of solar
panels to directly face the sun throughout the day. This
dynamic adjustment enhances energy capture by maximizing
the absorption of solar radiation [5]. While solar trackers

*cwinston@stanford.edu
1 Department of Mechanical Engineering, Stanford University, CA 94305,

USA
2 Google X, Mountain View, CA 94043, USA

are commonly used in large solar farms, they are almost
never used on roofs, even though installing solar panels on
roofs is becoming an increasingly common practice. This is
because commercially available solar trackers are too large to
be installed on most roofs and the shadows that they produce
also make it so that they cannot be densely packed together
in a confined area. In this work, we address these issues by
designing a solar tracking system better suited for roofing
applications.

Solar trackers come in single-axis and dual-axis configura-
tions. The former follows the sun’s east-west path, while the
latter also makes small adjustments to the panel’s north-south
orientation which is known to further increase energy capture
[6], [7]. The vast majority of active dual-axis solar trackers
consist of a mast that is connected to the solar panel through a
motorized pan-tilt mechanism [5], [7]. A lot of solar tracking
research focuses sun angle sensing and control strategies [8]–
[12]. However some work has been done on the mechanical
design of these trackers, with the aim of either reducing cost
[13], investigating mechanisms for actuating multiple panels
[14], or investigating novel mechanism designs [15], [16].

When used in a large solar farm, these trackers are typi-
cally installed in rows with substantial space between them in
order to mitigate the effects of solar trackers casting shadows
on the panels behind them. Optimal layouts vary based on
total area available and location of the solar farm, but a
typical optimized solar farm with pan-tilt based dual-axis
trackers can have layouts where less than 50% of the total
occupied area actually contains solar panels [17]. In order
to mitigate the effects of self-shading, we have developed
a three-degree-of-freedom (3 DOF) solar tracker that also
varies its height as it tracks the sun, thus reducing the shadow
it casts and allowing for a more densely packed array.

OriTrack uses an origami-inspired structure that allows
it to track the east-west and north-south movements of the
sun. This structure is different from the traditional pan-tilt
mechanism used in the majority of dual-axis trackers because
it allows the solar tracker to also reduce its height throughout
its tracking trajectory within a relatively compact and easy
to manufacture form factor. This reduces the shadow cast on
neighboring trackers. OriTrack is also much smaller than a
typical solar tracker, with a single solar cell that is 125mm x
125mm. For reference, a typical solar tracker moves a panel
with hundreds of solar cells of this size, and has a total
surface area between 30m2 - 40m2 [18]. This size reduction
allows it to be more easily installed on roofs. Fig. 1a shows
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Figure 1. a) A single OriTrack with its degrees of freedom labeled. The height of the structure in this configuration is 220 mm, which is shown as a
reference for scale. b) This illustration shows a potential layout for multiple OriTracks on a roof. In this implementation, the OriTracks are tightly packed
together. At sunrise and sun set, only half of the trackers are actively tracking the sun. Throughout the remainder of the day, from early morning, to late
afternoon, the height of each tracker is reduced and the shadow cast is substantially smaller. During that time, all of the OriTracks are actively tracking
the sun.

an image of OriTrack with its degrees of freedom and Fig. 1b
shows an illustration showing how it could be laid out in a
densely packed array. As shown in Fig. 1b, on any given
day, certain cells in the solar array could be actively tracking
the sun from sunrise to sunset while others could act as
passive, flat panels in the early morning and late evening,
when they are likely to be in the shadow of neighboring
trackers and be used as active trackers for the majority of the
day when shadows cast on them are small or non-existent.
This is possible because as the sun gets closer to it’s highest
point in it’s daily trajectory, the active trackers will decrease
their height, thus reducing the shadows cast on neighboring
cells. The trackers that are active or passive for all or part of
the day could vary from day to day depending on the sun’s
trajectory.

This paper discusses the design, manufacturing, control,
and testing of a single, 3 DOF solar tracker, called an
OriTrack, that could be used in this larger solar tracking array.
The OriTrack was tested from sunrise to sunset on September
8, 2023 in Mountain View California and produced 23% more
energy when compared to a flat reference panel.

II. DESIGN, MANUFACTURING, KINEMATICS, AND
SHADING

A. Origami Structure Design, Fabrication, and Actuation

This solar tracker uses a 3 DOF structure that has two
angular degrees of freedom as well as a change in height,
as depicted in Fig. 1a. It uses a water-bomb base on each of
its four sides, which is an origami structure that produces a
spherical joint [19]. When each water-bomb base is placed on
the parallel structure shown in Fig. 2b, it results in these three

degrees of freedom and can take on either a kink-in or kink-
out configuration. Similar origami structures have been used
for a variety of applications ranging from haptic devices [20],
[21], to surgical grippers [22], to collapsible manipulators
[23]. Although this particular structure has four spherical
joints, only three of them must be actuated in order to control
its three degrees of freedom [24]. The fourth spherical joint
is allowed to move passively so as not to over constrain the
system. We chose to actuate the two joints along the east-
west axis, and one joint along the north-south axis. However,
any set of three actuated joints should produce the same
workspace.

The origami structure on OriTrack was made from a 1.2mm
thick laser cut sheet of chipboard. The chipboard was cut with
an Epilog Laser Fusion 60W CO2 laser cutter into the pattern
shown in Fig. 2a. The dashed hinges were then scored with
a razor blade so that each hinge could only bend 180◦. If
one tries to bend the joint such that it opens the scored line,
the hinge bends easily. However, if one tries to bend it in the
opposing direction, it does not bend until the hinge is ripped.
The straight and diagonal lines in the cutout pattern were
scored on opposing sides of the chipboard sheet, as depicted
in Fig. 2a. This is so that those hinges bend in opposing
directions. This forces the structure into a kink-in, rather than
kink-out configuration, allowing the individual solar trackers
to be packed more closely together when laid out in a solar
tracking array. Each of the hinges were then reinforced with
Eclectic E6000 Craft Adhesive, a flexible adhesive that was
used to prevent the joints from tearing due to extended use.
The entire sheet was then coated in six thin layers of Shellac
on each side to help stiffen the structure, and 0.5mm spring
steel cutouts were adhered to the trapezoidal faces where
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the actuators push and pull on the water-bomb joints. These
spring steel reinforcements help mitigate any deformation
caused by large forces exerted on those faces. On the opposite
side of the sheet, tabs that allow the structure to attach to
actuators and plates that allow the solar cell to be screwed to
the top face of the origami structure were adhered. This sheet
was then folded and adhered to a chipboard and acrylic plate
that allowed it to be screwed to a 3D printed base. A solar
cell holder was 3D printed from white polycarbonate, and
heat set inserts were inserted in the back of that holder, so
that it could be screwed onto the origami structure. A 3.6W
C60 SunPower solar cell was then sealed into the holder with
Kisrel epoxy resin, and wires were soldered to the positive
and negative pads on the back of the cell and routed through
the holder. The solar cell and holder assembly was then
screwed onto the origami structure and the solar cell wires
were routed through a hole in the top of the origami structure
and they then exit the solar tracker through the 3D printed
base.

The 3D printed base holds JGY-370 motor assemblies
which consist of a brushed DC motor, encoder, and worm
gear box. These motors drive three of the waterbomb joints
in the structure. Although the structure has four water-bomb
joints, only three must be actively controlled in order to
control the height and orientation of the solar panel [24]. The
worm drive motors actuate the water-bomb joints through
linkages as shown in Fig. 3. Worm drive motors were used
because they are non-backdrivable. This allows for certain
trackers to act as passive flat panels at times when it is
advantageous to do so, like during a windy storm or when
they are in the shadow of neighboring trackers at sunrise
and sunset. The non-backdrivable gear train on these motors
allows the structure to remain flat without the need to expend
energy to hold it in that configuration. It also allows OriTrack
to maintain a set angle while it is tracking without providing
power to the motors.

The encoders mounted to each motor provide feedback for
controlling its angle. At the start of each day, the tracker goes
through a zeroing sequence where all three motors are used
to lower the solar cell. When the cell is level with the ground
and at its lowest height, tabs on the solar panel holder contact
limit switches on the base. When these limit switches are hit,
the angle for each water-bomb base is set to zero. This is done
to account for backlash in the drive train and compliance in
the origami structure that may lead to a decrease in accurate
estimate of the water-base joint angle over time.

B. Kinematics and Control

The azimuth and zenith angles of the sun can be calculated
for any given date, time, and location. We used the sun
tracking algorithm developed by Blanco et al. to calculate
the position of the sun, and this allows us to schedule the
trajectory of the 3 motors for any given day. This algorithm
has an average sun angular error of 8.78 arcsec (0.002◦)
over the years 2020-2050 [25]. After completing the zeroing
sequence, the tracker starts its trajectory by moving to face

Figure 2. a) This image shows the flat origami structure before it is
folded. The red lines denote which hinges are scored with a razor blade
after laser cutting. This scoring is what forces the structure into a kink-in
configuration. b) This image shows the distinction between the kink-in and
kink-out configurations that the origami structure can take. Scoring the joints
is what forces the structure into a kink-in configuration. A cross section of
the shape of this joint is shown in the kink-in image. c) This is an image
of the finished origami structure with solar cell added before it is attached
to the base containing OriTrack’s actuators.

Figure 3. This image shows a cross section view of OriTrack. It shows how
the linkages connect from the origami structure to the worm drive motors,
and also labels critical parts of the system.

the sun at sunrise. Once it reaches its first set-point, the
system goes into a low power mode where the motors,
encoders, and motor drivers are turned off and the micro
controller turns off its digital pins. In this low power mode,
a real time clock is running to determine when to exit this
mode and move to the next set-point. The system changes its
desired set point every 10 minutes and exits the low power
mode when the desired set point changes. This 10 minute
interval was chosen based on our observation that OriTrack
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takes on average 30 seconds to reach a desired set point. By
choosing to change the desired setpoint every 10 minutes, it
is in a low power mode 95% of the time, making it easy to
conserve energy. However, more investigation could be done
on this timing scheme which considers the rate at which
the sun’s angular position changes throughout the day and
how much energy is lost by being misaligned until OriTrack
reaches the next set point. We discuss investigating this more
in Section IV.

Each of these set-points is represented using the coordinate
system shown in Fig. 4. In this figure, the vector r⃗ points
from the origin to the center of the solar cell. The angle δ

represents the angle from the z axis to r⃗. θ represents the
angle between the projection of r⃗ into the x-y plane and the
x axis, which points east. Conversions between θ and δ to
azimuth and zenith angles are given in Eq. (1) and Eq. (2).

θ = Zenith (1)

δ = Azimuth−90◦ (2)

Using the kinematics in [24], we plotted the workspace
for the device as shown in Fig. 5. In this plot, the x, y, and
z values are normalized by ra which is half the side length
of the square face on the origami structure that the solar cell
is mounted to. We then identified the points shown in red in
Fig. 5, as the smallest heights the device could reach for a
given set of δ and θ , i.e. the points that minimized z. For each
minimum height point in the workspace we then calculated
the joint angles, αi, using the formulas given in [24] and
used that to generate a lookup table mapping minimum
height positions to joint angles. This lookup table has a δ

and θ step size of 1.2 ◦. From there, we then interpolated
within the lookup table to produce a set of angle commands,
which vary every ten minutes, for a given date and location.
These commands were then uploaded to OriTrack’s micro
controller.

In order to reach each set point, a PID controller computed
the control signal for each motor based on feedback from the
motor’s encoder. The control loop for reaching different set
points is given in Fig. 6.

C. Shade Reduction

Using the same kinematic model discussed in Section II-B,
we also estimated the shadow cast by OriTrack outside of
its footprint and compared this to traditional dual-axis solar
tracker with a mast. We did this calculation for September 8,
2023 in Mountain View California, the time and location of
the outdoor test discussed in Section III. In this calculation
we assumed both OriTrack and and the dual axis tracker have
the same angular workspace, meaning they can reach all the
same values of δ and θ . We also assume both trackers track
the sun in 10 minute increments and that the mast of the
dual axis tracker is the minimum possible height that allows
it to have the same angular workspace as OriTrack. While

Figure 4. This figure shows the coordinate system used to describe the
kinematics of the system.

Figure 5. This plot shows the workspace for the structure, as presented by
[24]. The blue points show all possible points that could be reached by the
vector r⃗ in Fig. 4. In this plot, all axes are normalized by ra, which is half
the side length of the central square on the origami structure that the solar
panel is mounted to. The red points show all points with unique δ and θ

with minimum value of z
ra

.

the sun was within the workspace of both trackers, OriTrack
produced a shadow that was 21% smaller than a traditional
mast design, which suggests this origami based design would
allow for a more densely packed array of trackers than a mast
design. A plot of both shadows is shown in Fig. 7.

III. RESULTS AND DISCUSSION

In order to test the system, OriTrack operated outside
on September 8, 2023 in Mountain View California from
sunrise to sunset, which was 6:44am to 7:26pm PST. A
flat reference panel was also laid outside next to OriTrack
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Figure 6. This control loop is used to control the angle of each motor on
OriTrack. The desired θcmd and δcmd change every 10 minutes based on the
time of day and are fed into the minimum height inverse kinematics. From
those inverse kinematics, we find α1cmd , α2cmd , and α3cmd and feed that into
a PID controller that uses the encoders mounted to the motors as feedback.

Figure 7. A plot showing the estimated shadow cast by OriTrack and a
traditional dual-axis mast solar tracker when the sun is within the solar
tracker’s workspace. OriTrack’s shadow is 21% smaller than that of the
traditional dual-axis tracker.

for comparison. This comparison aims to demonstrate that
OriTrack can capture more energy than the flat panels com-
monly used on roofs today and thus works as a viable solar
tracking solution. OriTrack’s solar cell was connected to a
50W 0.1Ω power resistor and a DATAQ DI-808 data logger
was used to measure the voltage drop across the resistor at
0.05Hz throughout the experiment. A 0.1Ω power resistor
was selected based on current and voltage produced by the
solar panel at the maximum power point provided in the solar
cell datasheet [26]. An identical solar cell, which was placed
in the same solar cell holder and coated in the same epoxy
resin as the solar cell on the OriTrack, was laid flat next to the
tracker and was connected to a different 50W 0.1 Ω power
resistor as a reference. The voltage drop across the flat panel’s
resistor was measured by a separate channel on the data
logger. These circuits are depicted in Fig. 8. Power output
was then calculated using the measured voltages and known
resistor value, and that power data was then numerically
integrated over the length of the experiment to estimate

the total energy captured that day. A Peacefair PZEM-031
power meter was also attached to the circuit driving the solar
tracker’s electronics in order to measure how much energy
was consumed by the motors, micro controller, encoders, and
real time clock.

When accounting for the amount of energy required to
operate the system, the solar tracker produced 23% more
energy at the end of the test when compared to the flat
reference panel. This is comparable to other dual-axis solar
trackers [5], [6]. The amount of energy produced on any
given day would be expected to vary based on temperature,
location, and cloud conditions, but this test does demonstrate
promising results towards the use of such a solar tracker in
a larger array mounted to a rooftop.

In addition to measuring the energy captured by the solar
tracker throughout the day, we also attached an OpenLog
Artemis data logger with a built in ICM-20948 9DOF IMU to
the underside of the solar panel in order to estimate the solar
cell’s orientation throughout the experiment and assess the
tracking accuracy. In order to do this, we used the MATLAB
ecompass algorithm, which estimates orientation of the IMU
based on magnetic north and accelerometer readings.

A plot showing the desired and measured solar panel
angles is shown in Fig. 9. Throughout the course of the
experiment there was an RMSE of 8.2◦ for θ and an RMSE
of 29.2◦ for δ . In this experiment, OriTrack followed the
general trajectory shape of θ commands with an offset of
8◦. However in δ , it follows a trajectory of a different shape.
We believe both of these tracking errors are predominantly
the result of compliance in the origami structure which is
not accounted for in the kinematic model. We would like to
stiffen the unhinged portions of OriTrack’s structure in order
to further investigate this, which we discuss in Section IV.
Backlash in the system and errors in reaching each setpoint,
are also factors. However, the largest angular error for any
individual motor throughout the course of the experiment
was only 2.7◦ and the backlash in any individual motor and
linkage subassembly is at most 3.5◦. While the energetic
gains of this system are certainly substantial, some dual axis
solar trackers have been shown to produce over 40% more
energy when compared to a flat panel [5]. Improving this
tracking accuracy would allow OriTrack to produce even
greater energetic gains, while minimizing shading, which will
be the focus of our future work.

IV. CONCLUSION AND FUTURE WORK

In this paper, we discussed the design, manufacturing, and
testing of OriTrack, a 3 DOF, origami-inspired, solar tracker.
The tracker has two angular degrees of freedom, and can
also adjust its height in order to reduce the shadow it casts
on nearby solar trackers in the array. Each OriTrack in an
array increases energy production at the cell level by tracking
the sun. Furthermore, the ability for each OriTrack to also
adjust its height also enables increased spacial efficiency
of an array of OriTracks, as individual trackers can be
installed more closely together without producing shadows
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Figure 8. Image of the solar tracking test setup

Figure 9. A plot showing the desired and actual solar tracker output angles
throughout the experiment

that occlude neighboring trackers. A single OriTrack was
tested from sunrise to sunset outdoors on September 8, 2023
in Mountain View California. On that day it produced 23%
more energy when accounting for the energy required to
operate the system.

While, 23% energy increase is substantial, this number
could be even further increased by improving tracking ac-
curacy and adjusting when OriTrack is in a low-power,
non-tracking, mode to optimize energy capture. During our
experiment, we observed an RMSE of 8.2◦ for tracking in
θ and an RMSE of 29.2◦ for tracking in δ . Given that
the primary cause of these tracking errors is likely the fact
that the kinematic model does not account for compliance

in the origami structure, stiffening the unhinged parts of
the origami structure is an initial step towards improving
tracking accuracy. Many other origami structures have been
manufactured from fiberglass or carbon fiber and polyimide
composites, where the polyimide is sandwiched between
either fiberglass or carbon fiber, providing a more rigid
structure [20]–[23], [27], [28]. Similarly, we could also stiffen
the chipboard structure we have already used here, by doing
a fiberglass layup on the unhinged portions of the chipboard.
This last option could be particularly promising as it may help
keep the cost of an individual OriTrack low. We would also
like to better investigate the timing scheme for when OriTrack
is actively moving to align itself with the sun and when it
is not. Improving this timing scheme in order to ensure that
adjustments in angular position outweigh the energetic cost
of that movement could also improve energy capture when
compared to a flat reference panel.

In addition to stiffening the unhinged parts of the origami
structure, we would also like to investigate improving track-
ing accuracy through different feedback and control modal-
ities. One potential direction is to install an accelerometer
mounted to the underside of the solar panel and employ
an operational space controller that uses the estimated solar
panel angles derived from accelerometer data to control
orientation. Another option could be to use an array of light
detecting resistors to measure the location of the sun as done
in [6], [29]. Using either of these sources of feedback for
the controller would likely improve tracking accuracy as it
relies less on a kinematic model that does not account for
compliance in the structure.

After improving OriTrack’s tracking accuracy, we would
also like to continuing investigating how much the change
in height over the course of a day reduces self-shading in
a larger array of solar trackers in different locations and at
different times of year. We would also like to investigate how
different array layouts produce different energy increases.
When investigating an array of OriTracks we would also
like to research shared actuation between trackers and the
potential energetic and cost benefits of that.
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