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Design of a Growing Robot Inspired by Plant Growth*

Tongxi Yan!, Seiichi Teshigawara!, and H. Harry Asada, Member, IEEE"

Abstract— A novel design concept of expandable robotic arm
inspired by plant growth is presented. The robot can construct
its own structure by converting a type of fluidized material into
a rigid structure at its growing point. The robot can extend its
structure in multiple directions, and move through a winding
space to reach a point, which is otherwise difficult to access. The
robot with the rigid structure can also bear a significant load,
has a plate to attach an end-effector, and can transport an
object. The robot satisfies three key functional requirements
that are characteristic to plant growth. First, the robot is
capable of transporting structural materials to its growing
point. Second, the robot is capable of transforming the material
into a rigid structure. Third, it is capable of steering its growing
point so that it is expanded in a desired direction. A proof-of-
concept prototype is then presented that consists of a special
sprocket chain that can be switched between flexible/fluidized
and rigid states, a winch that can pull/transport the chain,
and a steering system to direct the growing direction. Unlike
plants, this growing robot can retract its extended body, and
can extend in a different direction. The prototype demonstrates
that it meets all the functional requirements, and that it can
make sharp turns and move through obstacles.
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I. INTRODUCTION

In inspection, maintenance, and assembly of complex
machines and systems, robots often have to reach objects
through a narrow, winding space. In logistics automation,
robots also need to pick up goods at the back of a shelf in
a warehouse. This type of tasks, which is referred to as the
Last One-Foot Problem, is posing a challenge to robot design
and control [1]. Traditional robots consisting of a series of
servoed joints or a parallel linkage structure are unable to
reach such destinations.

In the robotics community, a number of innovative robots
having unique body shapes and characteristics have been
investigated. These include soft robots, mobile robots, and
motion planning techniques utilizing shrinking and growing
geometries that can be applied to the last one-foot problem
[1]-[6]. Of particular interest is the soft mobile robot by the
group at Stanford University [2]. It resembles a plant that can
extend its body through a narrow channel. Unfortunately,
however, these robots are often unable to bear a large
load. Soft robots, in particular, cannot position their end-
effectors precisely at a desired point in space. They do not
even possess an appropriate base to mount an end-effector.
Furthermore, mobile robots in general are difficult to use in
a practical setting, since they are unable, or find it difficult,
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to reach the entrance of such a cluttered area. Our view is
that some type of end-effector or a small robot attached to
the tip of a robot will be a feasible, cost-effective solution.

To build a robust robot structure for the above application,
studies on the mechanism of how a plant grows are con-
ducted. A plant consists of two main systems called shoot
and root systems (see Fig. 1). Nutrients and water from the
soil are absorbed by roots and are delivered to the shoot
system through the stem. Combined with sunlight, these
materials are transformed into the body of the plant. The
plant repeats this process to grow more leaves and become
taller.
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Fig. 1. Structure of a plant, consisting of the root system that delivers
materials to the shoot system to grow [7]

There are many studies to support the idea of applying
plant growth to robotics. Researchers have developed robots
that are inspired by the ability of plant’s root to penetrate
soil, or granular media [8], [9]. Other robots include tendon-
driven robots with the ability to bend their bodies, robots
inspired by kinematics of vines, and growing achieved by
fused deposition modeling [10]-[13]. While these robots are
designed to behave like plants in a mechanical way, another
approach of incorporating properties of plant growth to a
robot without any motion is also studied [14]. However, they
do not have good load-bearing capacity, especially at the tip
for mounting an end-effector. Therefore, above works not
only validate the feasibility of a plant-inspired growing robot,
but show what needs to be improved in this field.

The current work on a growing robot is a potential solution



to the class of the last one-foot problem. It is fully functional
on its own, extending from a base and navigate through
the environment that human have little to no access to. It
can be also mounted on an industrial robot and extends its
endpoint into a cluttered space. In either case, the robot can
be fully autonomous with proper motion planning algorithms
or manually operated, but this is beyond the scope of this
paper. However, the basic design concept to be detailed
below can go beyond the original mission of the project.
The plant-inspired growing robot can construct an arbitrary
rigid structure by converting a flexible structural material
into a rigid structure. Traditionally, structure is mostly pre-
determined by design and its configuration is changed by
means of active control of servoed joints. In contrast, the
new plant-inspired growing robot does not possess fixed link
lengths and a fixed kinematic structure. Rather, the structure
is determined and constructed in real time. Similar to roots
and trunks of a plant, the actual shape is determined through
interactions with the environment, which are unpredictable.

The following sections will describe the fundamental
functionality of the growing point of a plant, followed by
a specific mechanical design concept as an embodiment of
the growing point functionality. Then, a preliminary proof-
of-concept prototype will be designed, fabricated, and tested.

II. FUNDAMENTAL FUNCTIONAL REQUIREMENTS

The design needs to be started by turning the functions
of a plant to engineering functional requirements. First, as
stated above, materials are delivered from the root to the
plant body. Once materials are delivered, the plant grows
larger. This means that the robot needs to expand from the
base, which is equivalent to soil for the plant. Second, the
plant constructs its body from the materials. On the robot
side, the body must stay rigid after expanding from the base.
Third, as the plant grows, it can adapt to different geometries
for various reasons. It can grow to avoid obstacles or to gain
more sunlight. This needs to be the same for a robot. It needs
to be able to steer to different directions in order to avoid
obstacles. To summarize, three functional requirements are
stated and listed below:

1) Transport materials from a base to a growing point

a) This entails that the material is flexible, so that it
can conform to an arbitrary shape of the structure
that has been constructed and is amenable for
transportation.

b) This also entails a mechanism for pushing,
pulling, sucking, pumping, etc. of the material
from a base station to the growing point.

2) Convert or transform the material to a rigid structure

a) This entails a mechanism that dispense the mate-
rials continually or unit by unit at the tip of the
growing point.

b) This also entails a type of locking mechanism,
so that the dispensed materials or unit can be
immobilized.

c) Furthermore, this entails that the dispensing
mechanism can push its own body forward, leav-
ing the dispensed materials or unit behind.

3) Steer the growing direction

a) The growing point mechanism must have the
means to rotate its body, so that each unit or
material can be dispensed in a desired direction.

b) Torque must be generated between the segments
of the dispensed materials or units that have been
immobilized and the head of the growing point
mechanism.

These are fundamental functional requirements for plants
as well as for growing robots. Note that the above functional
requirements are nothing specific to a particular embodiment.
It can be realized with a biological means, or an abiological
means. Here we pursue an abiological means, that is, an
engineered entity, or a robot. The true value of the above ar-
gument of fundamental functional requirements is to release
us from considering only existing mechanisms and existing
biological systems. There may be other ways of realizing the
same functionality using different means.

III. PROTOTYPE DESIGN AND FABRICATION

A schematic diagram of the robot is demonstrated in
Fig. 2. The robot contains four critical parts. The base is
the ground from where the robot grows. The constructed
structure (red ellipses) is the body of the robot that needs
to remain rigid. The fluidized materials (green ellipses)
are equivalent to the ’nutrients’ of plants that are used
to construct robot’s structure. They are flexible and not
actuated. The growing point transforms fluidized materials
to constructed structure so that the robot can grow. It is also
capable of steering to different directions to move through

curved paths.
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Fig. 2. Schematic of a growing robot with its key components.



A chain mechanism was chosen as a starting point for the
project for its unique potential of being able to stay flexible
and rigid. The chain itself is the material of the robot which
has to be delivered from the base to a growing point and
is used to construct the body. As such, the chain serves as
the body of the robot. As the robot expands, the chains that
have been deployed to construct the body switch to a rigid
state. The rest of the chains remain fluidized until they are
used for body construction. An ideal chain would meet the
first two functional requirements listed above. The design of
a chain block is shown in Fig. 3 below.

Locking pawl

Cam

Sprocket gear

Fig. 3. CAD images of chain block, top (Right) and bottom (left) views.

Both ends are designed so that the chain can be connected
in series. In the right figure, there is a gear on the chain
for steering the body. This will be explained in detail later.
The left figure shows the locking mechanism. Out of many
existing locking mechanisms, a device with a latch locking
at several different positions [15] was modified and used in
the design. A similar joint locking mechanism was applied to
the snake robot with a different actuation method [16]. There
are two parts associated with the lock, namely the locking
pawl and sprocket gear. The locking pawl of one chain is
engaged with the teeth of sprocket gear of an adjacent chain.
As a result, their rotational motion is constrained, and they
become locked together. The lock is activated by the L-
shaped pin that acts as a cam. As the cam rotates, its round
edge pushes the locking pawl towards the sprocket gear. A
torsion spring that provides a restoring force to retract the
pawl from the sprocket gear is installed around the rotation
axis of the pawl.

Unlocked Locked

Fig. 4. The locking mechanism and how the linear actuator locks the joint.
Green circle shows how two blocks are locked by gear and pawl.

Next, in order to activate the lock, a linear actuator is
needed for pushing the cam. It is mounted on the base shown
in Fig. 5. The chain moves along the slot which acts as a
guide to the chain. The part inside the green circle in Fig.4
is where the linear actuator contacts the cam. As it extrudes
out, it pushes the cam that further pushes the locking pawl
towards the sprocket gear to activate the lock system. On the
base in Fig. 5, there is an unlock pin for transferring rigid
materials to flexible state. this is explained in details later.

Other essential parts of the design are the center sprocket
for driving the chain, upper housing, and actuators. The
assembly of the whole system is shown in Fig. 5 with
exploded view to display all parts. Inside the upper housing,
the chains, central sprocket, and locking mechanism are
enclosed. Two Dynamixel servo motors are mounted on the
upper housing. The larger one is to drive the central sprocket
and the smaller one steers the robot. The top and bottom
housings are bound together by screws. The chain outside
the housing is fixed to the ground and it becomes the base
from where the robot grows.

Steering gear

Sprocket

Chain

Linear Actuator

Unlock pin

Fig. 5. CAD assembly of the system with an exploded view to show all
essential components.

IV. IMPLEMENTATION

A prototype that can achieve the three functional require-
ments were assembled based on the presented design. In
the sections below, methods to realize desired functional
requirements are explained.

A. Transport materials

Chain blocks are the material for the robot structure and
the central sprocket drives the chain to either extend or
retract the structure. As shown in Fig. 6, when the sprocket
turns, the upper half of the chain moves away from the
sprocket and are transformed to part of the robot’s body once
they are locked. The white gear next to the chain blocks
is for steering, which is discussed in detail later. When a
chain block passes through the steering gear during either
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Fig. 6. The middle sprocket rotates (yellow arrow) to feed blocks out
(dark orange arrow) from one side and pulls flexible chain from another
side (light orange arrow).

extension or retraction, the gear on the chain block meshes
with the steering gear. To ensure that gears don’t jam during
the movement, the steering gear needs to rotate at a speed
and direction matching with the speed and direction of the
chain’s movement. Ideally, the chain is constrained so that it
undergoes linear motion when passing through the steering
gear, and the relation between the rotational speed of steering
gear and the speed of the chain is described as below:

2'Uchain (1)
PD gear

where wgeqr is the rotational speed of the steering gear,
Uchain 1S the linear velocity of the chain, and PDg.,, is
the pitch diameter of the steering gear. This equation tells
how fast the steering gear needs to spin with respect to the
moving speed of the chain.

Wgear =

B. Convert materials to rigid structure

Linear actuator pushes
the pin to engage the
lock

T

Fig. 7. Method of engaging the lock with CAD image to show where the
linear actuator is mounted to the base.

Materials delivered to the growing point of the robot
are flexible because they need to fit onto the sprocket. To
construct the robot structure, these materials need to be
transformed into rigid parts. The lock mechanism on each
chain block can constrain the rotation, forming the needed
structures. Fig. 7 explains the method of engaging the lock
in the system. The linear actuator pushes the cam from the
location indicated by the green arrow to lock a block. Once
the orientation is determined, its tip is elongated to reach and
push the cam.

To unlock the chain, a white pin in Fig. 8 is installed onto
the housing base. While unlocking the chain, it also needs
to not interfere with locked blocks for constructing the robot
body. To achieve this, the pin can rotate in one direction, but
not the other, shown by green arrows. When locked blocks
are pushed outside the housing, the pin rotates to make space
for blocks to pass through and afterwards, it retracts to the
original position by a torsion spring embedded on the inside.
During the process of retracting the chain, it releases the lock
by pushing the cam out of singular position.

Fig. 8. Unlocking mechanism with blue arrows indicating the direction of
chain’s motion. (a) As the locked chain passes through unlock pin, the pin
rotates clockwise to conform to the motion of chain. (b) When retracting
the robot, the pin pushes the cam to release the lock.

C. Steer the growing direction

Fig. 9. Steering mechanism. Locked portion of the chain is grounded to
the hand. As the white steering gear rotates (white arrow), the whole head
tilts to a different direction.

Steering the robot to grow towards the desired direction
is the last functional requirement of the design. As briefly
mentioned earlier, the steering is achieved by rotating the
housing and other components of the robot with respect
to the locked structure. The steering gear grounded to the
housing meshes with the gear on the locked portion of the
chain. As it is driven by a Dynamixel servo motor, it rolls
around the gear on a fixed chain. As a result, the whole
housing is steered to different directions. Details can be seen
in Fig. 9.

V. EXPERIMENT

The sequence of operations of this robot is to first feed the
chain. Next, the steering gear determines the orientation that



the robot wants to move to. The chain needs to be locked
so that it remains at that orientation, so the linear actuator
is driven to lock the chain. Afterwards, the sprocket pushes
locked chain outside the housing and builds the body. The
same sequence is repeated to expand the robot.

Retracting the robot follows the inverse of the expansion
sequence. In order to pull back the chain, the lock needs to
be released. Additionally, the chain needs to be repositioned
to a straight configuration and this process requires that the
chain is unlocked. Therefore, the lock is released first, and
then the steering gear rotates to complete the alignment. This
is one cycle and is repeated until all body parts are retracted.

Fig. 10. Demonstration of operating the robot. It first expands straight and
then makes a sharp left turn, going around the yellow obstacle.

Fig. 11.
operated to go through yellow obstacles and then retract to its original
position.

Demonstration of going through obstacles. The robot is manually

A simple motion of the robot is demonstrated in Fig. 10.
The robot first moves straight for several chain blocks. Then,
in order to go around the yellow obstacle, the robot makes a
left turn. Each chain block can steer up to 60 degrees. The
motion demonstrates that the robot can make sharp turns.

Fig. 11 is another demonstration of the robot moving
through obstacles. In order to move through the space
between two obstacles, the robot needs to first align itself
with the space. It makes a right turn and then makes a
left turn. After aligning with the space, it moves straight
to reach the destination. To show that the robot is capable of
retracting to the original position, it pulls its head back to the
base by deconstructing the body. Chain blocks are unlocked
and retracted one by one during this process and the robot’s
growing point eventually goes back to the starting position.

VI. DESIGN ITERATIONS

To reduce backlash and increase locking strength of the
current design, the second version of the chain with a
new locking mechanism was created. The chain block is
assembled from two nearly identical parts, one forming the
upper half and the other forming the lower half of a chain
block. A bushing is placed between the interface of two chain
blocks to reduce friction.

Cam & Cover

Pawls * Disk

Bushing

Fig. 12.  Second design of chain block and locking mechanism with
exploded view. The yellow disk is the mounting plate for pawls and is
fixed to the yellow chain block. Note that fasteners are not included and
components for the lock are assembled only on top surface. In practice,
same components are assembled on bottom surface as well.

Lock condition

Unlock condition

Fig. 13. Locking mechanism of the actual part with CAD images to show
the orientation of the cam at each state.

The new locking mechanism consists of two pawls with
multiple teeth fixed to a chain block that mesh with an inner
gear on the other chain block to engage the lock. Meshing
these parts constrains the rotation of two chain blocks about



each other. The pawls are pushed against the inner gear
by a cam sitting between them. Rotating the cam by 90
degrees in either direction can switch between the locked
and unlocked states. To separate the pawls from inner gear,
a tension spring is attached to the end of two pawls. When
the cam no longer pushes the pawls against the inner gear,
the springs pulls the pawls to disengage with the inner gear.
The cover placed on top of the lock (shown as transparent
in the assembled view of Fig. 12) blocks any particles large
enough to hinder the locking motion. This lock is on both
the top and bottom sides of the chain so that the symmetry
reduces twist due to torsion. Having two pairs of lock also
enhances the locking strength. A prototype of this design was
fabricated and Fig. 13 shows both the locked and unlocked
states of the fabricated prototype.

Fig. 14. Demonstration of the load bearing capacity of the second design.
The weight carried by the prototype is 500g

To demonstrate the rigidity of the second design, the
prototype consisting of three blocks held a weight of 500g in
two different orientations. The load was placed at one end,
and the the other end was grounded. The first orientation
is with the axis of rotation of the chain joint parallel to
the load, which in this case is vertical. The load is carried
by the structure itself. All joints are locked and the only
possible movement is the vertical deflection of the robot. It
can be observed that without any support, the prototype can
withstand the load. The second orientation is with the axis
of rotation is orthogonal to the load. By doing so, the load
is carried by locking parts. As seen in Fig. 14, the prototype
could resist the load without breaking any components.
Further tests will be conducted with more assembled blocks
because vertical deflection is proportional to the cube of total
length of the structure, [3. As the length increases, deflection
of the structure becomes larger.

VII. CONCLUSION AND FUTURE WORK

The idea and mechanisms behind plant growth can inspire
a whole new field of robotic research. This is especially
applicable to robots with rigid structures, and innovative
designs that possess many advantages compared to conven-
tional robots. Growing structures can adapt to the environ-
ment and are less constrained by their surroundings. The first
prototype served as a proof of concept and sufficiently proved
that plant growth can be incorporated with rigid robotics. It
demonstrated the maneuverability of the robot by showing
it an move in a range of directions and can retract to its

original configuration. The improved design of chain block
and locking mechanism can be implemented in a similar way
as the first prototype to form a complete robot.

The next step for this project is to complete the whole
system using the improved design that achieves all three
functional requirements and has better performance than the
first prototype in terms of strength, load bearing capacity, and
ease of control. A design for constraining fluidized materials
is also needed because otherwise, these flexible structures can
interfere with surrounding objects and impede the motion of
the robot.
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