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ORIGINAL ARTICLE

Artificial Heliotropism and Nyctinasty Based
on Optomechanical Feedback and No Electronics
Bilge Baytekin,1,2 S. Doruk Cezan,1 H. Tarık Baytekin,2 and Bartosz A. Grzybowski3

Abstract

Although plants are typically not considered an inspiration for designing motile robots, they do perform a variety of
intricate motion patterns, including diurnal cycles of sun tracking (heliotropism) and leaf opening (nyctinasty). In real
plants, these motions are controlled by complex, feedback-based biological mechanisms that, to date, have been
mimicked only in computer-controlled artificial systems. This work demonstrates both heliotropism and nyctinasty in a
system in which few simple, but strategically positioned thermo-responsive springs and lenses form a feedback loop
controlling these motions and substantiating a behavioral analogy to ‘‘plants.’’ In particular, this feedback allows the
‘‘artificial plant’’ to reach and stabilize at a metastable position in which the solar flux on the ‘‘plants’’ and the solar
power ‘‘leaves’’ are maximized. Unlike many soft robotic systems, our ‘‘plants’’ are completely autonomous, in that,
they do not require any external controls or power sources. Bioinspired designs such as this could be of interest for soft
robotic systems in which materials alone—rather than power-consuming electronic circuitry—control the motions.
Keywords: plant robots, material feedback, artificial heliotropism, artificial nyctinasty
case of heliotropism, by a feedback mechanism in which the socalled motor cells control the orientation of the leaves by
changing the turgor pressure upon illumination.15 Although
various types of solar-tracking systems have been designed,16–19
the majority could mimic these phenomena only under preprogrammed computer control. Purely ‘‘passive trackers’’—
that is, those not using any electronics, programming, or motors—have also been considered based on light-induced expansion/contraction of various materials (e.g., shape memory
alloys20) by light or vapor pressure generation by heat. However, such systems16–19 have not been equipped with any
feedback mechanisms that would allow them to track the sun
continuously and stabilize in a position maximizing the photon
flux at a given sun elevation—instead, they could only change
between ‘‘binary’’ unbent/fully bent states.
In this study, we demonstrate both nyctinasty and heliotropism (Fig. 1) in an autonomous system that is free of any
electronics and instead relies on an in-built optomechanical
feedback, to actuate, control, and self-regulate the robotic
plant-like motion. Using few appropriately positioned nitinol21,22 springs and lenses, our ‘‘plants’’ (called so by behavioral analogy to real plants) open upon light exposure and
can track the sun until the feedback mechanism stabilizes the

Introduction

ioinspired, biomimetic, and bionic approaches1 are
transforming many branches of robotics, endowing the
robots’ adaptability, agility, and flexibility to interact with their
environment.2–4 While a rich robotic ‘‘fauna’’ now exists
featuring many examples of animal-like robots,5 the ‘‘flora’’
includes only few examples inspired by sensory behavior/
motion6 and osmotic actuation of plants’ roots.7–9 This scarcity
is in sharp contrast to material research (where plants have
provided inspiration for multibillion-dollar applications such
as Velcro and self-repairing or self-cleaning surfaces) and can
stem from the fact that robotics deals with (loco)motion,
whereas plants are sessile organisms. Yet, it is known since
Darwin10 that plants can perform various types of motions
toward or away from environmental stimuli (light, chemicals,
humidity, gravity, electric field, temperature, or touch),11,12
sometimes on very fast time scales (milliseconds to seconds).13
In particular, the ability to rapidly open and close the petals
upon light exposure (nyctinasty)14 and turn the leaves toward
the sun (heliotropism)11,12 are among the most fascinating,
‘‘adaptive’’ properties of plants. These diurnal motions are
underlain by specialized biochemical interactions and, in the
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ponents of large ‘‘plants.’’ Systems based on electromagnetic
induction and feedback could track light in one dimension
(Supplementary Fig. S1 and Supplementary Movie S1; Supplementary Data are available online at www.liebertpub.com/soro),
but their extension to several degrees of freedom has proven
cumbersome. Eventually, we focused on designs incorporating
nitinol elements, which have been successfully used in several
soft robotics applications.36–42 Nitinol is a well-known shapememory alloy composed of Ni and Ti,21,22 with an improved
resistance to fatigue, and operating by reversible solid-state phase
transformation between two different martensite crystal phases.
Heliotropic plants

FIG. 1. Systems exhibiting heliotropism and nyctinasty.
(a) Two images of a heliotropic system in the dark (left) and
bent toward the source of light (right). See also Supplementary
Movie S3. (b) Two images of a system exhibiting both heliotropism and nyctinasty. The image on the left is for the
‘‘plant’’ in the dark, with its ‘‘leaves’’ closed. The image on the
right shows the same device with the leaves open and the stem
bent toward the source of light. See also Supplementary Movie
S4. Both assemblies comprise a three-dimensional printed
plastic body (for specific parts, see Supplementary Figs. S2 and
S5), appropriately positioned nitinol springs, lenses on top of
the stem, and solar panels serving as ‘‘leaves.’’
solar-panel ‘‘leaves’’ in a nonequilibrium, dissipative state23,24
harnessing the maximal possible amount of sunlight. Field
tests show that compared to the nonheliotropic system, our
device increases the efficiency of light harvesting by 30–110%
(depending on the elevation of the sun), and can store this
collected energy in an internal battery or a capacitor. Its inexpensive components, minimization of energy consumption
by eliminating motion-controlling electronics, and complete
autonomy and robustness (no easy-to-break parts) make this
design concept appealing especially for harsh environments
(e.g., deserts and space exploration), in which maintenance of
more delicate computer-controlled solar trackers might be
problematic. In a wider context, materials with internal feedbacks are interesting as control elements of new classes of
adaptive systems and autonomous, continuum-motion robots
not requiring external power sources.2,3,25–29
Materials and Methods
Choice of responsive materials

While feedbacks are essential to the functioning of living
matter,30–33 engineering them into purely material-based
systems—that is, systems without any preprogrammed electronic
components—has generally been a challenge, with only few
examples of rational design.34,35 Searching for suitable feedback
mechanisms for our heliotropic systems, various phenomena in
which light could potentially induce directional motion have
been considered. Pressure-driven systems (in which lightinduced heating of a fluid or gas enclosed in a soft material would
cause this material to deform) or light-induced deformations of
polymers both exerted forces that were too small to move com-

We first discuss the design capable of heliotropism, but not
yet nyctinasty. The assembly shown in Figures 1a and 2
comprises a three-dimensional printed body and a stem (cf.
Supplementary Fig. S2 for design details) connected to and
supported by radially oriented nitinol springs. These springs
are made of a *2 mm thick nitinol wire, are *6 mm in diameter, and have 11 turns per 2 cm length (total length in the
constricted form). Two convex lenses are placed on the stem,
one on top of the other (lens diameters 75 and 50 mm, respectively, *10 cm focal length for each lens, see Supplementary Fig. S3), and are surrounded by 8–10 solar panels
(Flexible Solar Panel MP3-37, MP3-25, or SP3-37 from
Powerfilm) serving as ‘‘leaves’’ harvesting the energy of sunlight. Each solar panel can generate 4.5–4.8 V, and when the
panels are connected in parallel, they give maximum current of
180–250 mA depending of the intensity of the impinging light.
The dimensions of the system were adjusted such that the
lenses focus the light onto the nitinol springs, causing local
heating and contraction. Figure 2 illustrates the response of the
system to sun at two different elevations. When the sun is high
(left column), that is, when the stem is yet unbent, the initial
focal point is near the center of one of the springs, denoted in
Figure 2b as xm. As this position is heated and contracted, the
stem tilts toward the sun and the focal point gradually ‘‘engages’’ and contracts portions of the spring between xm and the
innermost region xi. On the other hand, when the sun is low
(right column), the initial focal point is at the spring’s outer
region, xo. The spring is then heated and gradually contracted
over its entire extent, from xo to xi, causing bending more
pronounced than in the case of high sun elevation. Naturally,
there is a continuum of cases between the two illustrated extremes and the degree of heliotropic motion changes with the
position of the sun; the main point, however, is that the ‘‘plant’’
is always stabilized in the position facing the source of light and
can track it continuously (cf. Fig. 3c and Supplementary Movie
S2). When the irradiation ceases, the stem returns to its upright
position (Fig. 2c and Supplementary Movie S3).
We note that tracking is less efficient when the assembly is
initially positioned such that the focused light beam does not
trace the springs but, at least at times, falls between these
springs; when this happens, the plant slowly ‘‘relaxes’’ to the
upright position. This problem is remedied in designs in
which more radially directed springs (e.g., eight in Supplementary Movie S5 and also Supplementary Fig. S4) are used
and the plant responds to light from a wider range of azimuthal angles. We also observe that because the changes in
the temperature of the locally heated springs are small (within
20C, see thermal-camera images in Fig. 2b) and the response
of NiTi is fast (10–20 s), the sun-tracking motions are rapid
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FIG. 2. Schemes and images of heliotropic ‘‘plants.’’ The two pairs of schemes in (a) illustrate focusing of light onto nitinol
springs whose local heating and contraction cause the stem to bend toward the sun. The left scheme is for the case when the sun
is high—then, the spring is gradually being heated from its central region (denoted xm) toward the innermost region xi, resulting
in a relatively small contraction and tilting of the stem. In contrast, the scheme in the right column is for the case where the sun is
low and the heating starts near the spring’s outermost region, xo. In this case, the spring contracts more and the tilt of the stem is
larger. The experimental images for the two scenarios are provided in panel (b). The insets focus on the springs being
contracted (focal points are the lighter regions denoted by red asterisks). The heating of the regions onto which light focuses is
also illustrated by the thermal camera images (colorful stripes below the optical images of the springs). Gradient scale is for the
temperature of the springs and varies from 21C in unheated regions to 38C at the focal point. (c) Illustrates fast response of the
system to light exposure (here, to an IR lamp, 250 W, General Electric). The ‘‘plant’’ bends toward the source of light within
2.5 min and then unbends within 2 min when the light is switched off (see also Supplementary Movie S2).
(compared to those of living plants) and occur on a time scale
of 1–2 min (Supplementary Movie S3).
Origin of feedback

The stabilization at a given position is due to a negative
feedback mechanism illustrated in Figure 4. Briefly, as the
spring (denoted as ‘‘1’’) is heated and contracted, the stem
bends until reaching a steady-state position in which the focal
point is near the spring’s inner end (cf. Fig. 2). If the spring is
overheated or the stem is overturned (e.g., by wind or any
other mechanical disturbance), the focal point moves into the
space between spring ‘‘1’’ and the opposite spring ‘‘2,’’ or
even onto spring ‘‘2.’’ In the first case, the focused beam no
longer heats the spring, so it cools down and relaxes; in the
latter case, spring ‘‘2’’ is heated and contracted; in both cases,
the stem tilts back to its steady-state position, which, as we
have seen, depends on the elevation of the sun.
Combining artificial heliotropism with nyctinasty

Finally, we demonstrated a system exhibiting both heliotropism and nyctinasty. In this design, we augmented the he-

liotropic system discussed above with a ‘‘crown’’ of four more
nitinol springs placed on top of the stem and connected by
threads to the solar panel ‘‘leaves’’ (Figs. 1b and 5, Supplementary Movie S4; see also Supplementary Fig. S5 for details
of the crown design and nyctinastic response). Upon irradiation, these springs heated and contracted, and within ca. 2–
3 min, the ‘‘plant’’ opened up its solar panels (Fig. 5b). This
nyctinastic movement then exposed the inner lens (same as in
the heliotropic design) and the device was able to track the sun
as already described. When the light was switched off, the stem
returned to the upright position, while the leaves closed up as
illustrated in Figure 5c and in Supplementary Movie S4.
Results
Performance characteristics

The performance of the ‘‘plant’’ described above was tested
in the field (Ankara, Turkey) on both warm (ca. 30C) and cold
(ca. 10C) sunny days (Fig. 3). The device followed the sun
over a complete diurnal cycle, in the process changing its inclination by ca. 50 (Fig. 3c). During these motions, the solar
panel ‘‘leaves’’ harnessed the energy of sunlight. Importantly,

Downloaded by Mary Ann Liebert, Inc., publishers from online.liebertpub.com at 11/13/17. For personal use only.

FIG. 3. Field performance of artificial heliotropes on a typical summer day in Ankara, Turkey. (a) Initial position, and
(b) final position during heliotropic action at lower sun elevations. (c) Experimental scheme showing the field experiments
and the elevation angle of the sun, a. (d) Current generated by 10 solar panel ‘‘leaves’’ connected in parallel is plotted as a
function of the time of the day (from 9 AM to 5 PM). Red (circle) markers plot the current for the heliotropic device capable
of tracking the sun; blue (square) markers are for the device in which the ‘‘stem’’ is not moveable and no sun tracking is
possible. Based on the data from (d), panel (e) plots the percentage improvement in power generation for the heliotropic
device versus the nonheliotropic, immobile stem control. Power enhancement is up to 110% when the sun is low and
bending of the stem is essential to capture any appreciable flux of photons. (f) Experimental scheme showing the laboratory
experiments and the elevation angle of the light source, a. (g, h) A similar comparison (heliotropic vs. nonheliotropic
design), but based on the ability to load a capacitor connected to the solar panels of the ‘‘plant’’ (for the wiring scheme and
further details, see Supplementary Fig. S6). (In (g), Red [circle] markers = heliotropic plant, blue [square] markers = nonheliotropic plant.)

FIG. 4. The optomechanical feedback
stabilizing the plant in the position maximizing solar flux. When spring denoted as
‘‘1’’ is heated by the sun beam focused
through the lens, it contracts and the stem
turns toward the sun until the steady-state
position is reached. Any additional overturning is prohibited since the beam is then
focused between the two springs, or onto
spring ‘‘2,’’ in both cases causing retraction
of the stem. These two situations are illustrated by the experimental images in the
bottom row. Red asterisks give the position
of the focal point.
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are known in molecular sciences (e.g., in biochemical networks,32 artificial enzymatic networks33 chemical oscillators,43
or nanoparticle assemblies34), but the examples are mostly for
chemical/material systems, and not yet for robotics.44 The key
question is then how to choose and arrange macroscopic responsive materials such that they constitute autonomous feedback elements. If realized with durable parts, such material
feedback systems can become alternatives to electronic circuits.
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FIG. 5. Device capable of both nyctinasty and heliotropism.
(a) Scheme of the ‘‘plant’’ exhibiting nyctinastic (NN) and
heliotropic (HT) motions simultaneously. Upon light exposure,
four nitinol wires at the top of the ‘‘crown’’ contract such that
16 solar panel leaves open up exposing the inner lens that can
then control heliotropic motions. Both nyctinasty and heliotropism cease when the light is turned off and the device returns
to the initial state. Panel (b) has the experimental images upon
irradiation with IR lamp, 250 W, General Electric; images in
(c) illustrate ‘‘plant’s’’ response when light is turned off. For
further details of the design and the integrated nyctinastic and
heliotropic motions, see Supplementary Figs. S2, S5, and
Supplementary Movie S4.
heliotropism increased the efficiency (over a design in which
the stem was held immobile and upright) by 30–110% depending on the elevation of the sun. The increase was the
largest in the morning and in the evening when the sun was at
low elevations and illuminated the nonheliotropic ‘‘control’’
plant only at a small angle. In Figure 4d, the efficiency increase
is quantified by the power generated by the solar panels, and in
Figure 4e and f, by the potential reached by a capacitor connected to the panels (for details, Supplementary Fig. S6).
Conclusion

The heliotropic and nyctinastic designs we demonstrated are
exceedingly simple in terms of materials used, yet these rudimentary arrangements of springs and lenses can successfully
mimic phenomena that in real plants are underlain by elaborate
biochemical processes. This is possible because the lens/spring/
solar-panel system is designed to act as a self-powering feedback loop stabilizing the ‘‘plants’’ in the nonequilibrium steady
states maximizing solar flux. In fact, we see the design of
material-based feedbacks—as opposed to those controlled by
electronic elements—as the most important and novel conceptual aspect of this work, and also a challenge for other designs in soft robots. Currently, many forms of feedback loops
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