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Abstract— Deformable rolling robots are at this time a 

largely unexplored area.  A deformable spherical robot 
has all the advantages of a traditional spherical robot, 
while also having the ability to traverse rougher terrain.  
Previous deformable spherical robot designs have relied 
on the use of shape memory alloy (SMA) wires.  This 
project will explore a quicker and more versatile piezo-
actuated design.  A cylindrical prototype will be created 
with the hopes of paving the way for a spherical design.   

I. INTRODUCTION 
 There are many advantages to a spherical robot design. 
They are very maneuverable, since they can move in any 
direction instantaneously. This increases options for 
navigating around objects and prevents the robot from getting 
stuck in corners.  Spherical robots are also very robust in that 
they cannot be overturned and they absorb impacts better than 
conventional robots.  They are ideal for swarm applications, 
where many spheres would be traveling in close proximity to 
each other, since they would not interfere with each other’s 
motion and can maneuver easily to maintain formations.  They 
are ideal for hazardous environments since a sphere can easily 
be sealed protecting its sensors, electronics, and mechanisms.  
Spherical robots can also be assisted by wind [1]. They can be 
made smaller than wheeled vehicles, and can be made cheaper 
with fewer parts; meaning they could be used in disposable 
roles. 
 There has been considerable development in the area of 
middle-sized rolling robots that use pendulums or internal 
wheels for locomotion, such as the commercially available 
Rotundus [2] and other examples from research institutions 
[3,4,5].  These designs are not well suited to miniaturization 
due to their reliance on inertial effects and use of relatively 
large servo motors.  Also, a common problem with these 
designs is that they have difficulty climbing over obstacles. 
 A deformable spherical robot would provide more 
versatility and maneuverability.  It would have the ability to 
climb or even jump over tall obstacles.  There has been some 
preliminary work by Y. Sugiyama in 2004 to create a 
deformable spherical robot using shape memory alloy (SMA) 
wires as seen in Figure 1 [6,7].  This robot can dramatically 
change its shape by contracting and releasing SMA wires 
 

 

allowing it to roll and jump on various types of terrain.  
Unfortunately, the use of SMA makes the robot consume a 
great amount of power, requiring movement-impeding wires.  
Another consequence of the use of SMA is the robot moves 
very slowly. 

 
Fig.1 SMA actuated rolling and jumping robot [6]. 
 
 We propose a new type of deformable spherical robot that 
uses piezo actuators to generate the rolling motion.  Piezo 
actuators have relatively low power requirements and are 
capable of very rapid movements.  This means the robot could 
roll much faster than an SMA sphere and would be much 
easier to power with an internal power source.  Another 
advantage of our piezo design is that the actuators can be 
activated to both expand and contract the sphere, rather than 
only contracting as is seen in the SMA design.  This would 
allow the robot to have more freedom in the way it moves.  It 
could also climb over taller obstacles by expanding to push 
itself over them. 
 As a first step we will build a cylindrical robot that is 
capable of forward and backward movement to demonstrate 
the piezo rolling concept.  The robot’s jumping and climbing 
capabilities will also be tested.  This work can then be 
generalized in a future project to create a spherical piezo 
actuated robot.  

II. DESIGN POSSIBILITIES 
The design of our cylindrical robot is still being developed 

but we have a preliminary design that illustrates the concepts 
we plan to use.   
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A. Simple Deflection Design 
The initial design we have considered depends directly on 

unimorph piezos to provide deformation.  The design consists 
of a rigid inner shell that holds piezo actuators connected to an 
outer shell made of soft and malleable material.  Figure 2 
shows the basic design concept.  The inner shell, which will 
be made of rigid, light weight plastic, has four piezos mounted 
on it, each connected to a bar that extends through the shell 
and connects to a circular piece.  These circular pieces form 
the structure for the robot’s outer shell.  A light weight 
flexible material will be wrapped around the outside of the 
robot to provide stability and continuity in the outer shell.   
 The piezos are alternatively actuated to move toward the 
center of the circle which pulls in sections of the outer ring.  
This deformation causes an imbalance in the robot which will 
induce rolling if the actuation pattern is correct.  The proper 
actuation pattern will be determined through experimentation.  
We may also consider using bimorph piezos so we can more 
easily test the effects of both pulling and pushing on the outer 
ring to cause rolling.  The goal for this project is to test the 
design, not to gain experience with onboard power systems, so 
the piezos will initially be attached to a power supply through 
wires and some simple circuitry.   
 The design shown in Figure 2 will have to have an outer 
ring wide enough so that it stays stable and does not fall over.  
Another option would be to construct two of these cylindrical 
systems and attach them with rigid bars between the inner 
rings.  This two-piece robot would be more stable and allow 
turning, but may make the first prototype more complicated. 
 Successful implementation of this design relies on finding 
unimorph piezos that can provide the necessary displacements 
to induce rolling.  Forces are less of a concern since the width 
of the piezo, which is directly proportional to its output force, 
can be made as large as it needs to be with a cylindrical 
design.  

This design could be somewhat large with the outer diameter 
being over three times the length of one of the piezos.  This 
may cause sagging problems since the stiffness of the piezo is 
what supports the weight of the robot.   

 

 

Fig.2 Simple rolling sphere design using piezo actuators on an inner shell to 
deform an outer shell 
 

B. Flexure Deflection Design 
It is likely that the deflection of the unimorph piezo alone 

will not be enough to induce the robot to roll.  We will likely 
need some sort of flexure system that amplifies the 
deflection at the piezo tip.  Figure 3 illustrates one possible 
design where the deflection of the piezo is amplified by 
successive lever arms stacked on each other so the deflection 
at the output point is much larger.  This design demands 
high force in the piezo to move the successive lever arms.  It 
could be integrated into a structure very similar to that of the 
simple deflection design presented previously.  This is but 
one alternative and the flexure idea is still being explored. 
 

Output

Piezo  
Fig.3 Initial flexure design where piezo displacements are amplified by 
successive lever arms. 

III. UNIMORPH PIEZO EXAMINATION 
Piezoelectric materials are desirable actuators because of 

their small size, high output force, quick speed, and low 
power consumption. However, they only generate small 
deflections and require high driving voltage. To better 
understand our design requirements some analysis of the 
relationship between deflection and size for a unimorph 
actuator is required. 

For a free deflecting unimorph actuator, DC (low 
frequency) tip displacement, δDC, and blocking force, Fb, can 
be written as: 
 

(1) 
 

(2) 
 

where A =  Es/Ep, B = hs /hp, C = ρs/ρp, D = A2B4+2A(2B+3B2 

+2B3)+1. Here, l is the unimorph length, w is the width, V is 
the applied voltage, d31 is the transverse piezoelectric 
coefficient, hp and hs are the thicknesses of the peizo material 
and the steel backing respectively, Ep and Es are the Young’s 
Moduli, and ρp and ρs are the densities of the piezoelectric and 
steel layers respectively [8]. 
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For the PSI-5H4E, which is available in the nano-robotics 
lab, and the steel layers of the actuator the following values 
were used: 

 
 
 
 

Table.1 Parameters for force and deflection calculations [9]. 

 PSI-5H4E Steel 
E (N/m^2) 6.2*10^10 193 
ρ (kg/m^3) 7800 7872 
d31 (C/N) 320*10^-12 N/A 

 
By varying the length and width values of a unimorph 

actuator, a range of values for the DC (low frequency) tip 
displacement, δDC, and blocking force, Fb, were calculated and 
the results are summarized in table 2. Here hs = 10 mm, hp = 
0.127 mm and V = 140 V.  

 
 Table.2 Possible blocking force and tip deflection values for a unimorph 
piezo actuator. 

l (m) w (m) Fb (N) deltaDC (m) 
0.02 0.005 0.084 4.54E-04 
0.04 0.005 0.042 0.0018 
0.06 0.005 0.028 0.0041 
0.08 0.005 0.021 0.073 
0.1 0.005 0.0168 0.0113 
0.02 0.01 0.1679 4.54E-04 
0.04 0.01 0.084 0.0018 
0.06 0.01 0.056 0.0041 
0.08 0.01 0.042 0.0073 
0.1 0.01 0.0336 0.0113 
0.02 0.02 0.3359 4.54E-04 
0.04 0.02 0.1679 0.0018 
0.06 0.02 0.112 0.0041 
0.08 0.02 0.084 0.0073 
0.1 0.02 0.0672 0.0113 

 
This table demonstrates that deflections of a few 

millimeters are possible with relatively short (4 cm) actuators 
but to get centimeter size displacements very long piezos must 
be used.  This suggests that the first design would be too large 
to use if displacements larger than a few millimeters are 
required to cause rolling.  It seems that the flexure design will 
be necessary to get the proper displacements to cause rolling. 

IV. CONCLUSION 
A project is proposed to devise a quicker and more versatile 

deformable spherical robot.  Previous work in this field, the 
advantages of a deformable robot design, and different design 
concepts are presented. 
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