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Abstract—Electrically-driven soft robots based on piezoelectric
actuators may enable compact form factors and maneuverabil-
ity in complex environments. In most prior work, piezoelectric
actuators are used to control a single degree of freedom. In this
work, the coordinated activation of five independent piezoelectric
actuators, attached to a common metal foil, is used to implement
inchworm-inspired crawling motion in a robot that is less than
0.5 mm thick. The motion is based on the control of its friction
to the ground through the robot’s shape, in which one end of the
robot (depending on its shape) is anchored to the ground by static
friction, while the rest of its body expands or contracts. A complete
analytical model of the robot shape, which includes gravity, and
contact is developed to quantify the robot shape, friction, and
displacement. After validation of the model by experiments, the
robot’s five actuators are collectively sequenced for inchworm-like
forward and backward motion.

Index Terms—Biologically-inspired robots, control, modeling,
learning for soft robots, piezoelectrics, soft robot materials and
design.

NOMENCLATURE

Symbol and Definition
q Distributed mass of the robot per unit

length.
R Bending radius of a single actuator.
κ Bending curvature of a single actuator.
zi Position of the centerline w.r.t. the neutral

axis for the ith layer.
Ii Second moment of area of the i-th layer

w.r.t. its centerline.
ε1 Magnitude of the electric field in the PZT

layer.
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EI Effective flexural rigidity of the trimorph
structure.

γ Bending curvature per unit voltage of the
trimorph structure.

LFLAT Length of the flat part of the clamped
single actuator.

LSUS Length of the suspended part of a single
actuator setup.

ypiezo(x), yweight(x) Displacement caused by piezoelectric ef-
fects and gravity.

ysum(x) Displacement summing up all the ef-
fects (piezoelectricity, gravity, and con-
tact force against the ground.)

yno_ground(x) Displacement if there is no contact force.
yground(x) Displacement due to contact force.
Fshear, ground(x) Shear force due to contact force.
fground(x) Distributed contact force.
κ(x) γV (x)V (x) is the voltage applied to each

actuator.
θ(x)

∫ x

0 κ(x′)dx′.
ypiezo(x)

∫ x

0 θ(x′)dx′.
Fg,1 Discrete contact force on the lift-off point

of Actuator #1.
Fg,2B Discrete contact force on the lift-off point

of Actuator #2 in Fig. 16(a).
Fg,4B Discrete contact force on the lift-off point

of Actuator #4 in Fig. 16(a).
Fg,2C Discrete contact force on the lift-off point

of Actuator #2 in Fig. 16(b).
Fg,4C Discrete contact force on the lift-off point

of Actuator #4 in Fig. 16(b).
ΔFGround Difference of the contact force between

the left and the right parts of the robot.
LSUS,LEFT, LSUS,MID Lengths of suspended part of Actuator #1

and the middle three actuators.
SL, St Length and thickness scaling factor of the

robot.

I. INTRODUCTION

WHILE most soft robots are driven by pneumatic
power [1], soft robots driven by piezoelectric actuators
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may be easier to integrate [2], [3], less bulky, faster to respond
(with driving frequencies up to thousands of Hertz [4], [5]),
lighter, and potentially microsized [6].

Robotic inchworms are appealing because they, in principle,
can fit through narrow openings, have no rotating parts, and can
be made (in our case) by layering different layers on top of one
another. By an inchworm, we mean a robot with a motion cycle
(Fig. 1) that involves first raising its midsection while holding
its front end fixed on a surface, causing its back end to move
forward. In the second step, it releases its front end and fixes its
rear end to the surface and extends its body, causing its front end
to move forward.

A number of approaches have been explored to achieve
such inchworm-like controllable friction and movement. The
driving methods include pneumatic actuators [1], [2], [8], [9],
heat-induced shape changes [10], [11], embedded magnet pairs
controlled by external magnetic field [12], [13], [14], [15], and
light-powered liquid crystal elastomer [16]. The inchworm-like
bio-inspired motion mechanisms include employing friction
films on both ends [9], [17], [18], [19], [20], air suckers at
both ends [11], asymmetric and continuous shape change [16],
anisotropic friction pads [21], [22], passive or electroactive
adhesives [23], [24], [25], sharp hooks [26], and asymmetric
feet [10], [13], [27].

In this article, we describe a new mechanism to enable inch-
worm motion by holding one end of such an inchworm robot
fixed, and using its shape alone to change the profile of its contact
force on the ground, and hence, control its friction profile. This
mechanism is validated by analytical models and experiments.
Further, while our work uses only the shift in the contact force
profile to cause one end to be fixed while the other moves, the
ability to control the contact force on one end versus the other
will clearly be important for other inchworm types, which use
some kind of “friction pad” on one end or the other.

Our soft-robot design comprises five piezoelectric actuators
on a single substrate. The central three actuators cause the central
section to lift off the ground and contract or expand laterally.
This article shows that the contact force of the robot on the
ground can be shifted between the two ends by lifting the head
or tail off the ground using the 1st or the 5th actuator. Lifting
one end raises the contact force against the ground next to it, and
reduces the contact force at the farther end. The robot/ground
interface, thus, will have more friction at the lifted end and less
friction (enabling it to slide) at the opposite end, as the maximum
static friction force is proportional to the contact force against
the ground. The effect is analogous to an inchworm’s ability to
choose which end has “sticky feet” (Fig. 1).

The main contribution of this article is to demonstrate both
analytically and experimentally that this “friction asymmetry”
between the two ends of a 2-D piezoelectric soft robot can
be electrically controlled by lifting one of the far ends off
the ground (using a piezoelectric actuator), enabling a tunable
“inchworm-type motion.” In support of this, the rest of this
article is organized as follows.

1) Section II introduces the robot design and structure.
2) In Section III, we develop an analytical model of the

robot’s shape, including the effects of gravity, on how

Fig. 1. Inchworm motion [7] and analogous robot motion of “contract” and
“extend” cycles in four steps. The robot consists of five thin-film piezoelectric
actuators (each shown in a different color) on a common substrate. Raising the
actuator on one end increases the friction on that end relative to the opposite
end, enabling crawling motion.

Fig. 2. Mechanism of bending. Type P1 PZT devices bend concave down with
positive applied voltage and type P2 devices bend concave up. [29].

much of the flexible body lifts off the ground, as a function
of the voltages applied to the piezoelectric actuators. The
model is compared with experiments, using a robot built
from commercially available piezoelectric actuators [28].

3) In Section IV, we analytically derive the difference in
the contact force against the ground on one end versus
the other end as a function of piezoelectric voltages and
provide experimental validation.

4) In Section V, making use of the resulting asymmetry in
friction between the two ends, we experimentally demon-
strate forward and reverse motion of the robot and compare
it with the model.

5) Further, in Section VI, to enable the extrapolation of the
results presented here to other experimental conditions,
we show how the results would scale to similar robots
of different lengths and thicknesses. Finally, Section VII
concludes this article.

II. ROBOT DESIGN AND CONSTRUCTION

Each actuator of Fig. 1 is realized with a 300-μm-thick thin-
film lead-zirconate-titanate (PZT) device bonded with 100 μm
of epoxy to a thin (50-μm) steel substrate. Applying a positive
voltage causes the piezoelectric material to expand or contract
laterally, resulting in the assembly curling down or up. (Fig. 2).
We used commercially available piezoelectric fiber composite
devices [29].

Five piezo devices were laminated onto a single steel foil
(50 cm long, 2.5 cm wide) to create the robot (Fig. 3). The PZT
actuators we used are recommended for use with only one sign of
applied voltage, since they degrade if the opposite sign of voltage
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Fig. 3. Cross section of a five-actuator soft robot prototype, 500 mm long and
25 mm wide. Each actuator includes a piezoelectric device made of a PZT fiber
composite, controlled by voltage signals wired from off-robot voltage supplies.
All PZT devices are attached to a common 50-µm-thick steel foil substrate.

is applied. Because our high-voltage supplies we used had only
a positive output, in our experiments, we used two kinds of
commercially-available piezoelectric composite actuators: One
optimized for curling down (when on top of a flexible substrate)
with a positive applied voltage (Type P1) as in Fig. 2, and the
second optimized for curling up with a positive applied voltage
(Type P2), with voltage polarity defined by the markings on
each actuator. Thus, Type P2 actuators (numbers 1, 2, 4, and
5 in Fig. 3) only curled up, and Type P1 actuators (number 3 in
Fig. 3) only curled down.

However, for a more general model, the analyses in this
article of the robot shape due to piezoelectric effects assume
all actuators have the properties of Type P2, with negative
voltages used to cause the central actuator (#3) to curl down.
The magnitude of the free strain per volt of the Type P1 actuators
used in actuator #3 is a factor of 1.7 smaller than that of the Type
P2 actuators (0.75 versus 1.3 ppm/V). Thus, the experimental
applied voltages used on actuator #3 in our work are −1.7 times
those in the modeling.

Fig. 4(a) shows the top view of the robot, and Fig. 4(b) shows
the side view while it is actuated. Thin gold wires are connected
from the solder pads on the actuators to high-voltage supplies.
The system is put in a Faraday cage and contains the robot
prototype as well as power and control electronics [Fig. 4(c)].

III. SOFT BODY ROBOT MODEL: SHAPE

Realizing inchworm action relies on alternately raising the
friction of the robot against the ground, between the left and
right ends of the robot. Predicting and controlling this friction
requires knowledge of the exact shape of the robot including the
effects of gravity on the shape. What is also critical is the profile
of the vertical force between the actuator and the ground (which
we refer to as “contact force” distribution).

This section develops an analytical static model of the robot
and contact force distribution as a function of applied voltages
on the actuators.

A. Previous Work

Control of the robot requires precise analytical modeling.
Current methods of modeling a piezoelectric soft robot have
typically employed constant-curvature models [30], [31], [32]
and pseudorigid body models [20], [33], [34], [35]. A constant-
curvature model treats an actuator (or part of it) as a perfect
arc with some radius. Then, a coordinate transformation can be
used to model the kinematics of the robot, a procedure similar
to that used for a rigid robot. Alternatively, a pseudorigid body

model breaks a flexible robot into short rigid links connected by
flexible joints. One can further include the effects of gravity by
applying Cosserat rod theory to a continuum robot in a cantilever
case [36].

In this article, we develop an analytical soft-body model for
our robot, which includes gravity and the robot’s interaction
with the ground. Though previously under-investigated, gravity
effects are significant and of critical importance because of the
robot’s elasticity.

B. Soft Robot Shape Modeling

1) Summary of the Model: When voltages are applied to the
actuators, some parts of the robot are flat on the ground, and other
parts lift off. In this section, we develop a model that predicts the
shape considering piezoelectricity and gravity. The key property
of the model is a self-consistent approach to determining which
part of the robot lifts off the ground.

We developed the model following a “bottom-up” approach
in three steps:

1) a single actuator clamped on one end;
2) three actuators bending to compress in length like an

inchworm; and
3) a five-actuator inchworm robot, as in Fig. 1.
Our modeling is based on the Euler–Bernoulli small-

amplitude model of displacement y versus the lateral position
x. In such a model, for an actuator with a single applied voltage,
the shape is determined by the following physical effects:

i) Piezoelectric effect: d2y/dx2 = γV , where V is the ap-
plied voltage, and γ is a constant related to material
properties with a unit of m−1 · V−1. See Appendix A2
for details.

ii) Distributed load q (mass per length): d4y/dx4 = qg
EI ,

where EI is the effective flexural rigidity of our three-
layer (trimorph) structure (Appendix A2).

iii) Discrete external vertical force F : d3y/dx3 = F/EI .
iv) Discrete load mass m: discontinuity in d3y/dx3 =

−mg/EI (g is the gravitational constant).
The model must be applied piecewise because the actuator

voltage changes from one section to another, and because in
some sections the actuator is lying on the ground, whereby the
ground applies a vertical force on the actuator.

The following boundary conditions are applied to the solu-
tions:

i) dy/dx must always be continuous, including at all inter-
faces between different actuators.

ii) Defining the flat ground as y = 0, y must be ≥ 0 (easily
extended in more complex arrangements).

iii) The ground must support the weight of the actuator—
represented by a “contact force” FGround(x) acting on the
robot, as described later.

iv) The total torque on an unconstrained robot about its center
of mass must be zero.

This model assumes a small vertical deformation of the robot,
such that the bending amount must be much less than its length.

We now apply this model to increasingly complex shapes,
which underlie the motion of our soft robot. We first analyze a
single-actuator cantilever (with one end clamped and the other
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Fig. 4. Robot setup: (a) Top view. (b) Side view when the central three actuators are turned ON. The five-actuator robot is sitting on a rigid acrylic base, wired
to high-voltage supplies with thin gold wires. [20] (c) System setup: The system is in a Faraday cage and contains the robot prototype and the power and control
electronics.

Fig. 5. One-actuator setup on the ground with the left end clamped. A negative
voltage is applied to make the actuator bend up. One part of it (LFLAT) lies flat
on the ground due to gravity, and the other part (LSUS) is suspended in the air.

end free) on the ground, and then, proceed to the more complex
cases.

2) Single Actuator With One End Clamped Parallel to the
Ground: Fig. 5 shows one actuator placed on the ground with
the left end clamped. When voltage is applied to make the
actuator bend up, part of it (LFLAT) stays flat on the ground
due to clamping and gravity and the other part (LSUS) lifts up.
Our goal is to analytically find the suspended length LSUS.

In the suspended region (0 ≤ x ≤ LSUS), x = 0 is defined
at the point that the robot starts to lift off the ground. The
shape of a beam clamped on one end with a distributed grav-
itational load [37] is well known, as well as the quadratic shape

of an unloaded (no gravity) piezoelectric actuator clamped at
one end [38]. By superposition, the shape of the piezoelectric
actuator subjected to gravity and clamped on one end (x = 0)
is then

y(x) =
1

2
γV x2 − qg

24EI
x2

(
x2 − 4LSUSx+ 6L2

SUS

)
. (1)

A self-consistent approach (Fig. 6) is proposed to solve LSUS:
For small LSUS, we easily see that dy/dx is always ≥ 0, so the
suspended region is indeed suspended. For large LSUS, y might
become negative at some x, but this is not consistent with our
assumption of the actuator being off the ground. Thus, for any
applied voltage, only a finite length lifts off the ground. The
region to the left of the suspended (“lift-off”) section has y = 0
and dy/dx = 0.

Because we assume the slope is zero on the left end of
the actuator, we examine the second derivative at the left
end to determine LSUS. Fig. 7 shows the second deriva-
tive components caused by piezoelectricity, gravity, and their
sum. Since the piezoelectricity contribution to d2y/dx2, de-
fined as d2ypiezo/dx

2, is constant and the gravity contribution
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Fig. 6. Plot of shape for an actuator curling up, with the left end clamped at
y = 0 and dy/dx = 0. The suspended length LSUS would be the largest L (L3)
that makes the result physical, i.e., all y(x) > 0.

Fig. 7. Second and first derivatives of the shape caused by piezoelectricity,
gravity, and their sum for different suspended lengths.

d2yweight/dx
2 is monotonically increasing, when a “trial” lift-off

lengthLSUS is too long, the second derivative of the sumd2y/dx2

is negative at x = 0. So dy/dx becomes negative when x > 0.
Since y|x=0 = 0, y goes negative as well. This result is not
physical, as we assumed y > 0 everywhere due to the ground
level.

When reducing the lift-off length, d2y/dx2 increases. When
d2y/dx2|x=0 reaches 0, dy/dx becomes positive when x > 0,
and the actuator is always above ground. This means thatLSUS is
the solution of d2y/dx2|x=0 = 0. Taking the second derivative
of (1) and setting it equal to 0 at x = 0 (x = 0 is the point that
the actuator starts to lift off), one finds

LSUS =

√
2EI

qg
γV . (2)

Substituting for LSUS from (2) into (1), we have y(x) analyt-
ically. For the suspended portion:

y(x) = − qg

24EI
x4 +

√
2

6

√
qg

EI
γV x3 (3)

Fig. 8. Suspended length LSUS (blue) and displacement (red) of the free end,
versus the driving voltage for a single actuator with one end clamped parallel to
the ground. Model (solid lines) and experimental measurements (points) show
close agreement. Dashed lines represent the modeling when mass is increased
by a factor of four.

while for the flat portion, we have y(x) = 0.
We should note that the suspended lengthLSUS cannot exceed

the actuator length L. We need to limit LSUS at L, if the result
from (2) exceeds L. In this case, instead of (3), (1) becomes

y(x) =
1

2
γV x2 − qg

24EI
x2

(
x2 − 4Lx+ 6L2

)
. (4)

Fig. 8 plots LSUS and displacement at the lifted end versus
actuator voltage, predicted from the model and measured from
experiments. The parameter values are listed in Appendix A1.
Model and experiments show good agreement without any fitting
parameters. Moreover, we recently began experiments to add
onboard batteries, control, and high-voltage circuitry [3], [39],
[40]. This can easily increase the mass of the robot by a factor of
four. Assuming the mass is uniformly distributed, we used the
above approach to find the effect of the extra mass. The results
(dashed lines in Fig. 8) show such a mass is expected to reduce
the vertical displacement by a factor of ∼2. This illustrates the
importance of including gravity in the models.

3) Five-Actuator Robot—The Middle Three Actuators: Next,
we consider how the model predicts the shape of the middle
three actuators (Actuators #2–#4) when placed on the ground
and curling up in a symmetric fashion (V2 = V4 ≥ 0, V3 ≤ 0).
Fig. 9 shows a schematic cross-section of the assembly in flat
(top) and in bending (bottom) conditions. The left and right ends
remain on the ground. We define the lateral length of the total
suspended section as LSUS.

In this central suspended section, where there is no force on
the robot from the ground, combining piezoelectricity with the
Euler–Bernoulli beam equation, defining x = 0 at the middle of
Actuator # 3, one finds

y(x) = − 1

24

qg

EI
x4 +

1

2
a2x

2 + ypiezo(x) + a0 (5)

where ypiezo(x) is a function (defined below), which results
from piezoelectricity. In the region of actuator #3 (−L/2 < x <
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Fig. 9. Three-actuator assembly with voltages applied such that the center
bends concave down and the wings concave up. The projected length of the
curved assembly is shorter than its flat length. The central portion of length
LSUS is suspended.

L/2), where the piezo effect bends the structure concave down

ypiezo(x) = −1

2
γ|V3|x2,

(
−L

2
≤ x ≤ L

2

)
. (6)

In the regions of Actuators #2 and #4 (L/2 < |x| < 3L/2)

ypiezo(x) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
2γ|V4|x2 − 1

2γ (|V3|+ |V4|)L · x
+ 1

8γ (|V3|+ |V4|)L2(
L
2 ≤ x ≤ 3L

2

)
1
2γ|V4|x2 + 1

2γ (|V3|+ |V4|)L · x
+ 1

8γ (|V3|+ |V4|)L2(− 3L
2 ≤ x ≤ −L

2

)
.

(7)

The constants a0 and a2 of (5) are obtained from the boundary
conditions y|x=LSUS/2 = 0 and dy/dx|x=LSUS/2 = 0

a0 =
1

384

qg

EI
L4

SUS +
1

4
LSUS

dypiezo

dx
|
x=

LSUS
2

− ypiezo|x=LSUS
2

)

(8)

a2 =
1

24

qg

EI
L2

SUS −
2
dypiezo

dx |
x=

LSUS
2

LSUS
(9)

Similar to the analysis in Section III-B2 for a single actuator,
LSUS satisfies d2y/dx2|x=LSUS/2 = 0. Therefore, if LSUS ≥ L

LSUS = 3

√
12γ (|V3|+ |V4|)LEI

qg
. (10)

Because we only have three actuators, LSUS has a maximum of
3L.

By substituting (6)–(9) into (5), one finds

y(0) = − 1

384

qg

EI
L4

SUS +
1

8
γ (|V3|+ |V4|)L(LSUS − L).

(11)

Fig. 10. Suspended length LSUS (blue) and the elevation of the center (red)
versus the experimental positive voltage applied to actuator #3 for the three-
actuator system, where experimental voltages V2 = V4 = 0.3V3. Model (lines)
and experimental measurements (points) match well. (The model voltages for
the Actuator #3 are −0.58 times the experimental voltages used in the x-axis.)
As in Fig. 8, the effect of increasing the robot mass by four times is also shown.

Physically, y(0)must be greater or equal to 0 for a valid solution,
giving a minimum value for applied voltages to have a central
section of the robot off the ground. For our parameters, the
minimum voltage is ∼30 V for the “1× mass” case.

The actuators’ shape is derived by substituting LSUS into (5),
combining (6), (7), and (8).

Fig. 10 plotsLSUS and displacement at the midpoint predicted
from the model and measured from experiments, as a function
of V3, and V2 = V4 = 0.3V3. (The voltage ratio comes from the
ratio of the maximum recommended voltages for the P2 and P1
actuators. [29]). (The model voltages for the Actuator #3 are
−0.58 times the experimental voltages used in the x-axis.) As
in the case of a single actuator, model and experiments match
well. Increasing mass by a factor of four is expected to reduce
the vertical displacement by a factor of two, again illustrating
the importance of including gravity in the models.

As the center of the robot lifts off the ground when voltages
are applied, so that the two ends should come closer to one
another, one might ask if friction could limit the sliding of the
two ends toward each other. Consider three attached actuators,
suspended except at the extreme ends. The actuators weigh∼3 g
each for a total of 10 g, for a frictional force ∼0.1 N, assuming a
(large) friction coefficient equal to 1. The “blocking force” of our
actuators (what is required to prevent piezoelectric contraction or
expansion) ranges from 70–150 N (from the datasheets). Thus,
as confirmed by experiment, friction should have little effect on
the final piezoelectric shape when the suspended height is much
less than the suspended length.

4) Five-Actuator Robot: Fig. 11 shows a schematic cross-
section sketch of a five-actuator robot, corresponding to the
arrangement introduced in Figs. 3 and 4. Actuators #1 to #5
have applied voltages V1 to V5. V1 ≥ 0, V5 ≥ 0, V2 = V4 ≥ 0,
and V3 ≤ 0.

We first analytically examine two cases relevant to robot
motion.
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Fig. 11. Five-actuator robot prototype on the ground. Applying voltages to
elements 2, 3, and 4 lifts the center, and makes the projected length of the robot
shrink.

1) When the voltages applied are low, the interfaces between
Actuators #1 and #2, and #4 and #5 have a flat section, so
that we separate the analysis of the robot into three parts:
Section III-B2 above applies to Actuator #1 and #5, and
Section III-B3 applies to Actuators #2, #3, and #4.

2) When the voltages applied are high enough, the flat regions
near the interfaces of Actuators #1 and #2, and #4 and
#5, shrink to zero length, so that the robot touches the
ground at only two single points. Separate sections of the
robot cannot be analyzed independently as described just
above, and we need to find where these points are, which
we define as xL and xR. x = 0 is defined as the middle
point of the robot. The equation for the shape of the robot
depends on location with respect to this xL and xR

y(x) =

⎧⎪⎨
⎪⎩
yL(x) − 5

2L < x ≤ xL

yM (x) xL < x ≤ xR

yR(x) xR < x ≤ 5
2L

(12)

These three shapes all are described by the same form (a
fourth-order polynomial), but the coefficients of the terms
depend on the applied voltages in each section and the
relevant boundary conditions.⎛

⎝yL(x)
yM (x)
yR(x)

⎞
⎠ =

⎛
⎝a01
a02
a03

⎞
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⎛
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a13

⎞
⎠x

+
1

2

⎛
⎝a21
a22
a23

⎞
⎠x2 +

1

6

⎛
⎝a31
a32
a33

⎞
⎠x3

− 1

24

qg

EI
x4 + ypiezo(x). (13)

The twelve parameters aij , xL, and xR depend on the applied
voltages. They can be found numerically by using the following
fourteen boundary conditions: yL(xL) = yM (xL) = 0; y′L(xL)
= y′M (xL) = 0; y′′L(xL) = y′′M (xL);yM (xR) = yR(xR) = 0;
y′M (xR) = y′R(xR) = 0; y′′M (xR) = y′′R(xR); y′′(−5/2L) =
y′′piezo(− 5

2L), y′′′(−5/2L) = 0; y′′(5/2L) = y′′piezo(5/2L),
y′′′(5/2L) = 0.

Fig. 12 shows the numerically calculated solution for V1 =
300 V, V2 = 300 V, V3 = −580 V (which would correspond
to 1000 V in the experiment), V4 = 300 V, and V5 = 300 V
with and without gravity. Note that with gravity, the ground

Fig. 12. Numerical solution of the model for robot shape when V1 = 300 V,
V2 = 300 V, V3 = −580 V (corresponding to 1000 V in the experiment), V4 =
300 V, and V5 = 300 V with and without gravity. With gravity, the single points
that touch the ground are at x = −141.9 mm and x = 141.9 mm. Without
gravity, they are −148.1 mm and 148.1 mm.

Fig. 13. Robot shapes: Five-actuator model versus experiment. (a) Act #5 is
turned ON (numbers 1–5 identify the location of the five actuators); (b) Act
#2–#5 are turned ON for two steps in a movement cycle (Steps 1 and 2 of Fig. 1).
(Steps 3 and 4 are symmetric to these two). Voltages when ON: V1 = 300 V,
V2 = 300 V, V3 = −580 V in modeling (+1000 V in experiment with Type
P1 actuator), V4 = 300 V, and V5 = 300 V. Blue lines are modeling result, and
red points are points measured from a cross-sectional image of the robot.

contact points are not at the actuator junctions themselves but
only slightly (∼8 mm) inside the actuators’ junctions 1/2 and 3/4.

If smaller actuator voltages are applied, a “flat spot” inside
and possibly including the actuator 1/2 and 3/4 interfaces will
result, and the lift-off points of the central section will be inside
the 1/2 and 3/4 interfaces. Then, one can exactly calculate the
shape of the suspended hump of the central section, including
gravity effects, using (5)–(10).

5) Five-Actuator Robot. Comparison Between Model and
Experiment: We now compare the model solution to experi-
mental measurements for the four steps of the inchworm motion
cycle shown schematically in Fig. 1.

The applied voltages for actuators when ON are V1 = 300 V,
V2 = 300V,V3 = −580V in modeling (+1000V in experiment
with Type P1 actuator), V4 = 300 V, and V5 = 300 V, (Recall,
because actuator #3 has a different sign and magnitude of
piezoelectric coefficient than actuators #1, #2, #4, and #5, its
applied voltage when ON was of the opposite sign and larger than
that of the other actuators, as discussed earlier in Section II).

Fig. 13 shows modeled and experimental robot shapes during
two of the four sequential steps in an inchworm movement
cycle as described in Fig. 1 (with the other two steps being
symmetric to these). The voltages are the same as in the previous
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section. The shape predicted from this model matches closely
with experiments. As we describe later, having one end actuator
in the air and the other flat leads to asymmetry in friction between
the left and right ends of the robot, which is a key to its lateral
motion.

We note three omissions in our model, relative to the actual
robot design. First, in the actual robot, only ∼85% of the length
of each actuator is “active” piezoelectric, with the remaining
length required for electrical contacts and packaging. Second,
while the substrate width is 2.5 cm, the piezoelectric width is
only 2.0 cm, which reduces the expected curvature by 8%, based
on straightforward mechanical modeling. Given the inevitable
uncertainties in the many other experimental parameters, we
ignored these effects.

Third, our 2-D model inherently ignores torsional distortion,
i.e., twisting, which could in principle occur when the robot
width is narrow and a long central section is suspended off
the ground. In experiments with a robot width of 2 cm with
a maximum suspended length of 30 cm and a height of 2.5 cm
[e.g., cross-sectional images, such as Fig. 4(b)], any twisting
caused a change in the height of one edge of the robot of less a
minimum observable amount of ∼1 mm.

6) Lateral Motion Per Inchworm Cycle: The amount of for-
ward (or backward) motion from the four-step cycle in Figs. 1
and 13 is predicted analytically using our model, by assuming the
right end remains fixed in Step 2 and the left end remains fixed
in Step 4. Since the substrate is a steel foil, with a high Young’s
modulus, its total length does not appreciably change during the
robot operation. Therefore, the net lateral movement over one
cycle is the difference between its lateral length (projection in
the x-direction) from Step 1 to 2, or from Step 3 to 4, which
we call Lx,contract, where y(x) is given by (5)–(10), as shown in
Fig. 9. One finds

Lx,contract = Ltot − Lx

=

∫ 3L/2

−3L/2

⎛
⎝
√
1 +

(
dy

dx

)2

− 1

⎞
⎠ dx

= 2

∫ LSUS/2

0

⎛
⎝
√
1 +

(
dy

dx

)2

− 1

⎞
⎠ dx. (14)

When |dy/dx| � 1, this reduces to

Lx,contract ≈
∫ LSUS/2

0

(
dy

dx

)2

dx. (15)

This length difference results from the region of Actuators #2,
#3, and #4, corresponding to a range in the x-axis from −3L/2
to +3L/2 (as defined in Fig. 9).

Furthermore, because |dy/dx| � 1 even for the maximum
piezoelectric voltages, when (10) applies to LSUS, the length
contraction Lx,contract is approximated as

Lx,contract = (|V3|+ |V4|) γL3 3

√( qg

EI

)
γ2L2 (|V3|+ |V4|)2

+
33 3

√
12

1120
(|V3|+ |V4|)2 γ2L2 3

√(
EI

qg

)
γL (|V3|+ |V4|)

Fig. 14. (a) Schematic view. (b) Modeled lateral motion per inchworm cycle
(contraction of length in the -direction in Actuators #2 to #4)Lx,contract = Ltot −
Lx versus the magnitude of actuator #3 voltage |V3|, with V2 = V4 = 0.5|V3|,
with V3 as large as −580 V (corresponding to +1000 V in the experiment). With
gravity, Lx,contract and, thus, lateral movement per cycle are up to 1.1 mm. The
cases with mass increased four times (purple dashed line) and without gravity
(green dashed line) are also plotted.

− 1

12
γ2L3 (|V3|+ |V4|)2

− 1

1920

qg

EI
γL5 (|V3|+ |V4|) . (16)

When the middle three actuators are all suspended, since the
piezoelectric effect is enough to fight the gravity effect, as was
noted earlier in Section III-B3, LSUS will be limited at 3L. In
this case, Lx,contract reduces to

Lx,contract =
1

18
(|V3|+ |V4|)2 γ2L3 − (|V3|+ |V4|)γqgL5

12EI

+
81q2g2L7

2240(EI)2
. (17)

When the piezoelectricity is weak, LSUS = 0. Therefore,
Lx,contract = 0.

Fig. 14 shows the lateral motion per cycle Lx,contract as a
function of the magnitude of Actuator #3 voltage |V3| (V3 ≤ 0),
while V2 = V4 = 0.5|V3| and V1 = V5 = 0 V. Lx,contract in-
creases monotonically with increasing magnitude of V3 and
reaches 1.3 mm when V3 = −600 V (corresponding to 1000 V
in the experiment). For comparison, Fig. 14 also shows the
expected contraction per length with no gravity. We see that for
our experimental robot, gravity is expected to reduce the motion
per cycle by ∼22%. Increasing the mass by a factor of four is
expected to further reduce the motion per cycle by a factor of
three.

IV. SOFT BODY ROBOT MODEL: CONTACT FORCE AGAINST

THE GROUND AND FRICTION ASYMMETRY

In this section, we use the robot shape to determine the force
that the ground exerts on the robot, as a function of location.
We then go on to determine the difference in total contact force
against the ground (and thus the friction experienced) between
the left and right sides of the robot, as a function of the applied
actuator voltages.
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Fig. 15. (a) Ground contact force distribution of a single actuator with its left
end clamped on the ground. (b), (c), (d) Actuator shape separating the effect of
the contact force.

A. Contact Force Against the Ground for a Single Clamped
Actuator

We start with the shape of a single actuator with one end
clamped parallel to the ground as derived in Section III-B2, (3).
The distribution of the contact force per unit length pushing up on
the actuator (“ground contact force density”) is then derived by
noting that in the Euler–Bernoulli model, the lateral distribution
of the total vertical force on the robot (gravity pulling down
minus the ground pushing up) is given by the fourth derivative of
the shape. Adding the distributed gravitational force q · g (where
q is mass/length and g is 9.8 N/kg) then gives the contact force
pushing up on the robot.

Fig. 15(a) shows the result (not including the force exerted by
the clamp). For the section lying flat on the ground, there is no

shear force. For an infinitely small segment, as there is no shear
force applied on the left end or the right of this segment, gravity
and the contact force against the ground on this segment need to
be balanced. Therefore, the distributed contact force against the
ground equals the distributed load, which is a constant that equals
qg (load per length times gravitational constant). However, for
the section lifting off the ground, the contact force is zero, since
the robot and the ground are not in contact. For the point where
“lift-off” begins, the shear force on the flat (left) side is zero
(no bending), but the suspended (right) part has the gravity of
the whole suspended part acting on it. Therefore, the contact
force on the “lift-off” point would be the gravitational force of
the suspended part, and the density is thus a delta function with
amplitude equal to the suspended part’s gravity.

The contact force distribution can also be understood by
separating the gravity and ground-force effects. Fig. 15(b) shows
the modeled shape of an actuator (y(x)) with applied voltage
considering all the physical effects, including piezoelectric,
gravity, and contact force effects [repeated from Fig. 6, given by
(3)]. Fig. 15(c) shows the shape considering only piezoelectric
and gravity force effects (i.e., “No ground effect”), with shape
given by

yno_ground(x) = − qg

24EI
x4 +

qgL

6EI
x3 +

(
1

2
κ− qgL2

4EI

)
x2

(18)
corresponding to a suspended cantilever. Finally, the difference
of these two cases, shown in Fig. 15(d), then represents the
contact force only, given by

yground(x) = ysum(x)− yno_ground(x)

=
qg

24EI
x4 − qgL

6EI
x3 +

(
qgL2

4EI
− 1

2
κ

)
x2. (19)

To the right of the point where the actuator lifts up, there is no
force on the actuator, and thus, its shape is a straight line.

The shear force caused by the contact force is proportional to
the third derivative of the displacement yground(x)

Fshear, ground(x) = −EI
d3yground

dx3

= qgL− qgx (0 ≤ x ≤ LFLAT) (20)

and for the suspended part (x > LFLAT)

Fshear, ground(x) = 0 (x > LFLAT). (21)

Therefore, the distributed contact force is

fground(x)=

{
qg + qgLSUSδ(x− LFLAT) (0 ≤ x ≤ LFLAT)

0 (x > LFLAT).

(22)

B. Contact Force and Friction Asymmetry for the Robot

1) Theory: Inchworm motion relies on the ability to alter-
nate the “stickiness” between the two ends. In this section,
we show how this can be achieved by raising one end of the
robot (Actuator #1 or #5) off the ground. This raises the static
friction at that end, and lowers it at the other end, resulting in the
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Fig. 16. Mechanism of asymmetry in contact force against the ground (and,
therefore, in friction) between the two ends of the robot (“seesaw” effect).
(a) Acts #2–#4 are turned ON. (b) Acts #1–#4 are turned ON. When the left end
rises up transferring vertical contact force to the right (the cross-hatched region
to impulse function Fg,1), torque balance requires that some vertical force is
transferred from the right to the left side of the robot (indicated schematically
the green line).

“friction asymmetry” necessary for inchworm motion. Fig. 16
shows the mechanism of contact force and friction asymmetry.
We assume friction is positively correlated with contact force.
So, an increase in contact force leads to an increase in friction.
We begin with voltages V2, V3, and V4 applied, so the middle
three actuators curl up [Fig. 16(a)]. Then V1 is applied to the
left actuator, lifting it off the ground [Fig. 16(b)]. Because this
section is no longer on the ground, the integrated amount of the
contact force of this section, which was uniformly distributed,
now becomes a delta functionFg,1 at the point where the actuator
lifts off the ground.

This rightward shift of contact force induces an imbalance in
the torque between the left and right ends of the robot, which
previously canceled each other out by symmetry. To maintain
a torque balance consistent with the robot shape, an amount
ΔFGround of the right contact force delta function is transferred
to the left side, in a “seesaw balance” type of effect. This results
in the desired “friction asymmetry” between the left and right
ends of the robot, as required for “inchworm” motion.

We now calculate the magnitude of thisΔFGround [Fig. 16(b)].
Before raising the actuator,FG,2B andFG,4B each represent half
of the mass of the suspended section

Fg,2B = Fg,4B =
1

2
qgLSUS,MID. (23)

where LSUS,MID is the suspended length of the middle three
actuators (10).

When Actuator #1 is raised, the contact force of the suspended
section is transferred to a delta function Fg,1 [Fig. 16(b)], where
Fg,1 = qgLSUS,LEFT. We now compare the torque on the left and
right sides of the middle of the robot about its center, to find
ΔFGround. On the left side, the torque is

τL = Fg,1

(
5

2
L− LSUS,LEFT

)

− qgLSUS,LEFT

(
5

2
L− 1

2
LSUS,LEFT

)

+ Fg,2C
1

2
LSUS, MID. (24)

Fg,2C is the discrete contact force at the left side of the midsec-
tion [Fig. 16(b)]. The right side torque is

τR = Fg,4C
1

2
LSUS, MID (25)

where Fg,4C is the impulse contact force at the right side of the
midsection [Fig. 16(b)]. Equating these two torques gives

Fg,1

(
5

2
L− LSUS,LEFT

)
+ Fg,2C

1

2
LSUS,MID

= Fg,4C
1

2
LSUS,MID + qgLSUS, LEFT

(
5

2
L− 1

2
LSUS,LEFT

)
(26)

and

Fg,2C + Fg,4C = qgLSUS,MID. (27)

Therefore,

Fg,2C =
1

2
qgLSUS,MID +

qgL2
SUS,LEFT

2LSUS,MID
(28)

Fg,4C =
1

2
qgLSUS,MID − qgL2

SUS,LEFT

2LSUS,MID
(29)

ΔFGround := Fg,4B − Fg,4C

=
qgL2

SUS,LEFT

2LSUS,MID
. (30)

The difference in the total vertical contact force between the two
sides, which we call the force asymmetry FAsymm, is then

FAsymm = 2ΔFGround

=
qgL2

SUS,LEFT

LSUS,MID
. (31)

As expected, the asymmetry in contact force increases as the
suspended length of Actuator #1, LSUS,LEFT, increases.

Thus, by raising one end of the robot, the total contact force
on that end goes up, whereas going down on the other end, i.e.,
by lifting up one end of the robot, we increase its friction to the
ground compared with the other end, effectively causing it to
stick relative to the other end, as required for inchworm motion.

Of interest is the fractional effect—for example, the ratio of
the difference in the left and right contact force versus the total
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Fig. 17. Contact force asymmetry (FAsymm) and the difference ratio
(FAsymm/Fg,R) as a function of the voltage of the lifting end (actuator #1), for (a)
no mass loads at the end; (b) 5 g mass load at each end. The experiment is run in
two different sets of voltages: (i) V2 = 300 V, V3,exper’t. = +1000 V as shown
in figure (V3,model = −580 V), V4 = 300 V, V5 = 0 V; and (ii) V2 = 50 V,
V3,exper’t. = +120 V as shown in figure (V3,model = −70 V), V4 = 50 V,
V5 = 0 V. Error bars represent standard deviations.

contact force on the right half of the robot (Fg,R)

FAsymm

Fg,R
=

2L2
SUS,LEFT

L2
SUS,MID + 2LLSUS, MID − L2

SUS,LEFT
.

(32)

From (32), LSUS,MID = 30 cm and LSUS,LEFT = 10 cm as an
example, FAsymm/Fg,R = 14%, implying the friction on the left
side is 14% more than on the right side.

The relationship between the ratio and the actuator voltages
can be calculated by substituting LSUS, LEFT and LSUS, MID from
(2) and (10), when LSUS, LEFT � L and LSUS, MID � 3L

FAsymm

Fg,R
=

2γV1(
3

√
18

(
qg
EI

)
[γL(V2+ V3)]

2+
√

2 qg
EI γV1L− γV1

) .

(33)
2) Experiments: Experiments were conducted to validate the

contact force difference between the two ends. Five scales (each
9 cm long) were put in a row under the robot, one per actuator,
to measure the total contact force of each section of the robot.

Fig. 17(a) plots the force asymmetry FAsymm and the ratio
FAsymm/Fg,R, from model and experiment as a function of the
applied voltages, in two cases: i) V2 = 300 V, V3 = −580 V in
modeling (+1000V in experiment with Type P1 actuator), V4 =
300 V, and V5 = 0 V; and ii) V2 = 50 V, V3 = −70 V (+120 V
in experiment with Type P1 actuator), V4 = 50 V, and V5 = 0 V.
Error bars represent standard deviations. Model and experiments
match well. For our parameters with real-world actuators, the

ground contact force is as much as 30% higher on the left end
than on the right end.

3) Discrete Masses to Increase Friction Asymmetry: Given
that surface friction can be highly nonuniform and/or nonlinear,
due to varying surface roughness and other effects, a difference
in contact force of 30% could prove too small to robustly fix
one end of the inchworm robot versus the other. We now show
this asymmetry can be increased by appropriately placed discrete
mass loads. Consider discrete loadsmload placed on both ends of
the robot. With the extra mass, the suspended length of Actuator
#1 goes down, but fractionally by a smaller amount than the
mass of the suspended length. This leads to a larger ground-force
difference between the two sides

FAsymm =
qgL2

SUS,LEFT + 2mloadgLSUS,LEFT

LSUS,MID
(34)

and

FAsymm

Fg,R
=

[
2L2

SUS,LEFT +
4mloadgLSUS,LEFT

qg

]

/(L2
SUS,MID + 2LLSUS,MID +

2mloadLSUS,MID

q

− L2
SUS,LEFT − 2mloadLSUS,LEFT

q
). (35)

Fig. 17(b) shows data which repeats the experiment and model
comparison of Fig. 17(a), but with a 5 g mass on both ends
of the robot. It plots the ground force difference ratio for the
same voltages with 5 g mass load at each end of the robot. The
difference is boosted to 70% from an earlier value of 30%.

4) Experimental Validation of Adjustable “friction”: We
now demonstrate that lifting the left end of the robot (without the
added-on discrete mass) increases its friction compared with the
right end, when the total robot length is extended or contracted
as in Fig. 1. For these experiments, the robot rests on a smooth
plastic (acrylic) sheet.

First, as a control, Actuators #1 and #5 are not powered, and
Actuators #2, #3, and #4 are cycled ON (voltages 300, 1000, and
300 V, respectively, in experiment) and OFF to laterally shrink
and extend the robot [Fig. 18(a)]. Based on the height when the
actuators #2, #3, and #4 are ON, the change in lateral length of the
robot is estimated to be 1.2 mm (Section III-B6). With similar
friction on either end (a symmetric condition), a change in the
right end position of ∼0.6 mm is observed over each half-cycle,
half of the total length contraction (the left end was observed to
symmetrically move by a similar amount in the other direction,
data not shown).

The left end of the robot was then held in a raised position
(V1= 300 V), and the cycling of the previous figure was repeated
[Fig. 18(b)]. In this case: the left end of the robot is now fixed,
moving much less than 0.1 mm, whereas the right end moves
back and forth by the full 1.2 mm.

This comparison confirms that we can fix one end of the robot
to the ground by lifting up the actuator on that end, as required
for inchworm motion.
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Fig. 18. Validation of motion mechanism for robot lateral motion, in two
cases where Actuators #2, #3, and #4 are cyclically turned ON and OFF to
laterally shrink and expand the central robot section by ∼12 mm. (a) Horizontal
position of the right end of the robot versus time, when both Actuators #1 and
#5 are left OFF(so they are flat on the ground), and the ends expand and contract
symmetrically. (b) Actuator #1 is held in the air to increase friction at the Actuator
#1–#2 interface, so that the left end is held fixed and all the lateral expansion
and contraction occurs on the right end.

V. ROBOT INCHWORM MOTION

This section experimentally demonstrates the motion of the
inchworm robot. Results are compared with model predictions
for forward motion, backward motion, and the effect of cycling
frequency.

Fig. 19(a) shows the design of one cycle of its forward motion
with four steps per cycle, and the voltages supplied for each step.
For the forward motion:

i) V1 is turned OFFso that the left end lays flat, and V5 is
turned ON to lift up the right end, increasing its friction to
the ground compared with that on the left end;

ii) V2 – V4 are turned ON to make the middle three actuators
curl up, so the left end moves rightward;

iii) V5 is turned OFF to lower the right end and V1 is turned ON

to lift the left end, increasing friction on the left end;
iv) The middle section flattens as V2–V4 are turned OFF, so

that the right end moves to the right; and
v) Return to Step 1 to complete a cycle, with the entire

inchworm moving to the right.
The backward motion is similar to the forward motion, but

the sequence of the steps is reversed.
Fig. 19(b) shows close-up experimental video images of the

robot’s shape and motion during one cycle. After each cycle, the
robot moves rightward (forward) ∼1 mm. Fig. 19(c) compares
the movement of this cycle with the model prediction for the
robot’s left end, center, and right end. It again shows a qualitative
match between the experiment and the model.

Fig. 20(a) and (b) demonstrate forward and backward motion
of the robot, with a time of 5 s per step. Both figures show the

Fig. 19. (a) Robot motion design: one four-step cycle realizing forward
motion. (b) Close-up images of the robot at four positions during each of the
four steps of the motion cycle. At the interface between actuators 4 and 5, a
lightweight “flag with an X” was taped to the robot to be able to discern the
lateral motion. The x-scale of images at the interface between actuators 4 and 5
is magnified by 1.3X compared to that at other image locations. During step 4, the
robot moves rightward ∼1 mm. (c) Experimental and model Lateral movement
of left end, center, and right end in one cycle. The experimental error for all the
movements is 0.2 mm.

position of the left end of the robot. Forward motion averages
0.78 mm/cycle and reverse motion 0.66 mm/cycle. These figures
demonstrate the ability to fix one end of the robot to the ground
versus the other end (a requirement for “inchworm” motion), by
raising the actuator on the end to be fixed, thereby increasing
the friction on that end of the robot. Note, in the reverse motion

Authorized licensed use limited to: Princeton University. Downloaded on August 23,2024 at 13:50:05 UTC from IEEE Xplore.  Restrictions apply. 



ZHENG et al.: PIEZOELECTRIC SOFT ROBOT INCHWORM MOTION BY TUNING GROUND FRICTION THROUGH ROBOT SHAPE 2351

Fig. 20. Inchworm motion of the robot showing the lateral position of its left
end (experiment vs. model prediction). (a) The forward motion of the robot
using the cycle of Fig. 19(a). (b) Backward motion. When turned on, the applied
voltages in the experiment were V1 = 300 V, V2 = 300 V, V3 = 1000 V
(equivalent to −580 V in modeling), V4 = 300 V, and V5 = 300 V. The robot
moves 0.78 mm on average for each cycle of forward motion, and 0.66 mm/cycle
for backward motion.

there is some evidence of the left end “backsliding” during the
contraction cycle, accounting for the difference.

The model predicts ∼1.2 mm/cycle, whereas the experiment
shows a result 30% smaller. The difference might come from
the nonideal sliding of the “fixed” end for some cycles (since
Fig. 18(b) shows 1.2 mm movement). Other sources of errors
could include uncertainties in the experimental material pa-
rameters, such as epoxy thickness between the piezoelectric
device and the substrate, nonideal stresses, or deformations in
the as-assembled robot.

At low frequencies (> 1 s periods), the lateral motion per
cycle was independent of frequency, and a speed of 0.8 mm/s
was achieved at 1 Hz [Fig. 21(a) and (b)]. When the frequency
reaches ∼1 Hz, dynamic effects begin to become important, and
at higher frequencies the motion slows down and surprisingly
the robot can even go backward. [Fig. 21(b)] The motion here is
no longer an inchworm-like motion. Given that a single actuator
(suspended on one end) has a resonance frequency of ∼23 Hz
(Fig. 24), and that multiple suspended actuators, as in the central
section of the robot, will have a much lower resonant frequency,
the observed transition of robot motion/cycle at ∼1 Hz between
the quasistatic inchworm-motion regime and a more compli-
cated dynamic motion is reasonable. Modeling of motion in the
high-frequency regime is a subject of current investigation.

The energy consumption of the motion is calculated with ca-
pacitor charging/discharging models for the actuators, as piezo-
electric is an insulator with little static current. For the inchworm
motion, all the actuators charge and discharge only once per
cycle. Therefore, the energy consumption per movement cycle is

ε =
5∑

i=1

CiV
2
i . (36)

By substituting the capacitance (Ci) of the actuators [29] and
our operational voltages (Vi), the consumed energy per cycle is
ε = 17 mJ.

Fig. 21. (a) Robot inchworm movement per cycle and speed versus driving
frequency: As the driving cycle period duration changes from 20 s (0.05 Hz) to
5 s (0.2 Hz). The movement per cycle is approximately constant so the average
speed increases linearly with driving frequency. (b) Robot movement per cycle
and speed versus driving frequency up to 40 Hz (frequency axis is in a logarithmic
scale) [20].

VI. MODEL IMPLICATIONS, SCALING, AND LIMITS

A. Length and Thickness Scaling

In this section, with a goal of making a smaller robot, we
briefly examine how inchworm movement per cycle (Lx) scales
with the size of the robot, assuming the length of all elements
scales as SL and the thicknesses of all layers scale by a factor
St, where St < 1 for shrinking. (Ignoring aerodynamic effects,
as in the rest of the article, robot width W has no effect.) We
assume that the piezoelectric effects are large compared with
gravity, as they are in the data presented earlier, so (17), which
is the motion traveled per cycle, becomes

Lx,contract =
1

18
(V3 + V4)

2 γ2L3. (37)

Assuming Type P1 actuators, which depend on the lateral elec-
tric field in the piezoelectric layer due to the d33 coefficient and
have many interdigitated fingers, changing the length changes
the number of fingers, but does not change the maximum lateral
electric field or maximum voltage in each section. Thus, α
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(free-standing piezoelectric expansion per volt) is independent
ofSL andSt. BecauseE1 (Young’s modulus of the piezoelectric)
also does not depend on voltage or thickness, and the second
moment of area per unit width I scales as St

3, the curvature per
voltage (38) γ = α(z1E1h1/EI) scales as 1/St.

Thus, the distance traveled per cycle Lx,contract scales as
S3
L/S

2
t . Thus, if the thicknesses are scaled as 3/2 power of the

lengths, the robot’s motion per cycle is independent of changing
its length. (Assuming Type P2 actuators lead to the same result.)

For example, for a length scaling factor SL of 0.1 (meaning
shrinking from the experimental 500 to 50 mm) and a thickness
scaling factor of St of (0.1)1.5 = 0.03, with the same piezo-
electric electric field, the robot’s speed would be unchanged at
∼1 mm/s.

B. Routes Toward Higher Speed

Other inchworm robots have shown speeds up to 5 mm/s using
mechanisms of pneumatic-driven fixing [41] and embedded
magnets [14], respectively. We briefly mention several routes to-
ward higher speed for piezoelectric robots of our general design.
First, stronger piezoelectrics (more bending) would increase the
motion per cycle. While our commercial piezoelectrics have a
d33 of 460 pC/N, in more advanced piezoelectric d33 can reach
2400 pC/N [42], 2820 pC/N [43], and even 6300 pC/N [44],
over 10× larger than those of the actuators used in our work. In
principle, this would lead to a 10× increase in α (free-standing
strain per volt) and, thus, a 10× increase in γ (curvature per
volt), and thus, an increase in movement per cycle (37) by 102

to over 100 mm/s. An increase in the maximum electric field in
the piezoelectric would have a similar effect.

Second, as shown in Fig. 21(b), dynamic effects, which
give an observed shape very different than that of the “classic
inchworm,” can lead to higher speeds (e.g., 5 mm/s at 14 Hz).
A full understanding of such dynamic effects and how they
might be exploited is an area of ongoing work. Finally, we
note that a similar robot in our lab driven at 14 Hz actually
jumps completely off the ground (with a cyclical motion at 7
Hz!) [20]. How to understand and exploit such a phenomenon for
faster motion will require a thorough understanding of nonlinear
dynamic effects and damping in the robot, well beyond the scope
of this article.

C. Surface Variability or Incline

In Section IV-B, we analyzed how much contact force dif-
ference between the two ends we can generate by changing
the robot’s shape. Without an extra payload, the difference
reaches 14% and with an extra 5 g on both ends, it reaches
70%. These numbers describe how much difference in friction
coefficient between the two ends (due to a spatially-varying
surface roughness, for example) the robot can tolerate for ideal
inchworm motion. If the surface is inclined, the robot must not
side downhill. Assuming uniform friction and angle of slope
θslope, the “no slide” condition requires θslope < arctanμ where
μ is the friction coefficient. Assuming μ = 0.7, this corresponds
to a slope of 35◦.

VII. CONCLUSION

Previous work incorporating piezoelectrics into robots has
generally relied only on a single actuator for each actuation
element. These include a jumping cockroach robot with a single
actuator [5], a robotic bee with flapping wings [6], and a robotic
fish with a single actuator as its bending tail [45].

In this work, we introduced a new mechanism for robot
motion, which inherently depends on the coordinated motion of
multiple (five) piezoelectric actuators, by adjusting the friction
of one end versus that on the other end of a multielement linear
piezoelectric inchworm—namely, a “seesaw” effect. When one
end is lifted off the ground, torque balance results in a higher
“contact force” and, thus, friction to the ground on that end of the
robot. Cycling this effect from one end to the other increases the
friction of one end versus the other. No extra physical features
such as adhesive or high-friction coating were required. Coupled
with a cyclic contraction and expansion of the central section
due to the central actuators, the inchworm moved forward or
backward as desired.

Second, to guide our experiments, we developed a first-
principle analytical soft-body model for the shape of a linear
piezoelectric actuator array with different voltages on different
actuators. Key novel aspects are the inclusion of the effect of
gravity on the shape, and how the “contact force” is transferred
when sections of the robot lift off the ground. This last effect
leads to an asymmetry between the two ends, required for
inchworm-type motion.

The models yield excellent matches to experiments on three
different levels, all without any adjustable parameters. First, the
shape of actuators is well predicted in the presence of gravity,
including prediction of how much of the robot lifts off the ground
for given applied voltages. Second, as one end of the robot lifts
off the ground, how the contact force of the robot on the ground
moves from one end to the other is well predicted. This was
critical for the ultimate lateral motion of the inchworm. Third,
motion in both forward and backward directions of 0.1 cm/cycle
was predicted.

The robot should be well suited for exploring environments
with a small vertical clearance (∼1–2 cm). While the mechanics
of swimming would be different than those discussed here, a sim-
ilar multielement thin-film piezoelectric robot 100% suspended
in air [46] was seen to “swim” forward near a surface when a
traveling wave was applied. With suitable electrical insulation,
the robot of this article, with much stronger piezoelectrics than
the polymer piezoelectrics in [46], might be adapted for swim-
ming in water.

Ongoing work includes faster cycling times for increased
speed, modeling system dynamics, and integration of batter-
ies, high-voltage electronics, and a bluetooth microcontroller
directly onto the robot for tetherless operation [3], [39], [40].

APPENDIX A

A. Notations and Definitions

1) Input Material Parameters: The material parameters used
in the model (Table I) are taken from the datasheet of the actuator
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TABLE I
INPUT MATERIAL PARAMETERS

Fig. 22. Cross-sectional sketch of the trimorph structure: Piezoelectric layer
PZT on the top, bonding epoxy in between and then substrate with thickness
h1, h2, and h3.

manufacturer, except for the bonding epoxy thickness h2, which
is measured experimentally.

2) Other Notations of the Model: Other notations of the
model are shown in Nomenclature.

B. Bending Mechanism of the Actuator

A single actuator consists of three layers: The top layer is a
PZT device, the middle layer is bonding epoxy, and the bottom
layer is a steel substrate. This section describes the bending
mechanism of such an actuator and its design optimization.

Fig. 22 shows the cross-sectional view of the trilayer structure
of an actuator, with PZT thickness h1, bonding epoxy thickness
h2, and substrate thickness h3. When voltage is applied, the PZT
tends to extend, but the substrate tends not to. The result is that
the whole structure bends concave down. The bending curvature
is, referenced w.r.t. the neutral axis [38]

κ =
1

R
= αV

z1E1h1

EI

= γV (38)

where α is the free-standing strain per Volt of the first layer.
zi(i =1, 2, 3) is the position of the central axis for each layer
w.r.t. the neutral axis, Ei is Young’s modulus for ith layer, EI

Fig. 23. Height versus distance for experimental piezoelectric actuators
clamped horizontally on their left end. Characterization and modeling of exper-
imental piezoelectric actuators validation for single actuator cantilever settings.
A single actuator is floated in the air, the top surface facing up, clamped on its
left end. Both Type P1 actuators (a type of actuator that prefers to bend down)
and Type P2 actuators (prefer to bend up) are tested.

is the flexural rigidity per unit width of the whole structure, α is
the free-standing voltage expansion coefficient, V is the applied
voltage, and γ is the bending curvature per unit voltage. We
would have

EI =

3∑
i=1

Ei(Ii + hiz
2
i )

(39)

where

Ii =
1

12
h3
i (40)

and the position of the neutral axis is

zN =

∑
i ziEihi∑
i Eihi

. (41)

C. Characterization and Modeling of Experimental
Piezoelectric Actuators

Fig. 23 shows model validation in single actuator cantilever
settings. A single actuator, as described in Section II, is floated in
the air with its left end clamped. Two kinds of actuators we used
on the robot are tested here: One prefers to bend down (called
“Type P1 actuator”), and the other prefers to bend up (called
“Type P2 actuator”). In both scenarios, gravity takes into effect to
pull the actuator down. The voltage ranges that they can take are
also different. Vision sensing described in Section III-B4 is used
to extract the shape of the actuators for different applied voltages.
Each actuator is 10 cm long. A Type P1 actuator can bend down
by about 2 cm with 1000 V supplied from a 5 V-to-1000 V
power converter, and a Type P2 actuator can bend up by about
1 cm with 300 V applied. The experimental results all have good
agreements with the modeling results.

Fig. 24 shows the dynamic behaviors of an actuator in a
cantilever setting, with an applied sinusoidal voltage between
0 V and 1000 V. The resonant frequency is 23 Hz. Note that
the operational bandwidth of the piezoelectric device is up to
10 kHz [29].

D. Actuator Performance Optimization

Actuator’s bending performance is optimized by tuning the
thickness of the substrate. If the substrate is too thin, it is very
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Fig. 24. Dynamics single-actuator cantilever showing achieved oscillation
amplitude versus frequency with applied sinusoidal voltages.

Fig. 25. Actuator bending performance optimization: Bending curvature as a
function of substrate thicknesses.

soft so that it would not bend but extends together with the
piezoelectric device. If the substrate is too thick, it is too stiff to
be bent by piezoelectricity. Therefore, there is a sweet spot of
substrate thickness that optimizes the performance. This trade-
off needs to be taken into consideration when designing the
actuators.

Fig. 25 shows the bending curvature as a function of substrate
thickness. The thickness of the bonding epoxy is measured
experimentally, and all other material parameters are taken from
commercially available products. The bending curvature reaches
its maximum when the substrate thickness is 65 μm. Therefore,
the substrate thickness is picked to be 50 μm, the nearest one to
the optimal point commonly available.
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