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ABSTRACT 
The intent of this work was to develop an optimized design 

for inchworm locomotion. Different works found in the 
literature imitate inchworm locomotion using different methods 
in order to grip the surface of the ground such as pads, magnets 
or wheels. On the other hand, this inchworm like-robot uses 
controlled friction by changing water between the end bodies. 
This water, moved by a miniature pump, is part of the weight of 
the bodies in contact with the floor. A prototype of the robot 
was built and recorded at 60 frames per second in order to 
obtain experimental results. A model in Matlab® for the study 
of inchworm locomotion, was defined by three different 
theories (Multibody constraint equations, impulse and 
momentum analysis of impact, and variable system of particles) 
used in conjunction to obtain the equations of motion of the 
system. It was imperative to perform an initial experiment 
without changeable mass and a similar one with changeable 
mass in order to compare the effectiveness of the robot’s 
motion with and without water. Optimization theory was used 
as a tool to evaluate the dynamic behavior of the robot and find 
a more appropriate solution. The solutions of the optimization 
are not to claim perfection but for now they show improvement 
in the behavior of the robot. 

 
 

INTRODUCTION 
Requiring both propulsive and control mechanisms, animals 

involve a contractile structure (muscles in most cases) to 
generate movement and a nervous system to coordinate 
locomotion. Two types of locomotion, axial and appendicular, 
achieve animal motion.  In this paper we have a special interest 
in axial locomotion where the animal’s body changes its shape 
and the interaction with the environment provides the 
propulsive force.  Inchworms are members of the phylum 
Annelida (i.e. segmented worms). Inchworms move by a 
process known as peristaltic contraction. A worm's body is a 
fluid filled tube divided into separate segments. There are 
circular muscles that surround each segment and longitudinal 
muscles running from segment to segment along the length of 
the worm. Contraction of the longitudinal muscles shortens and 
widens the segments of the worm’s body. Circular muscle 

contraction lengthens and narrows the segments. By alternating 
these processes in wave-like motion the worm moves forward 
or backward.  

 
This type of locomotion is important because of the 

adaptation to the surrounding environment. The inchworm 
doesn’t need the whole body to move. Because it uses just a 
small part of its body to have enough frictional resistance along 
the surface, it can adapt easily to difficult terrains. Overall, an 
inchworm biomimetic robot can be used in different tasks 
where human life is in danger. For instance deactivating foot-
mines, military espionage, urban search and rescue, cleaning or 
repairing oil tubes, or just helping humans to take pictures or 
record different elements from nature in hostile terrains. 

 
Even though most of today’s mobile robots have wheels or 

legs, other classes of robots, such as hyper-redundant (i.e. 
snake-like or inchworm-like robots), are becoming more and 
more popular [1]. Snake-like robots have been studied before 
and a variety of robots and analysis have been developed. One 
of the related works is a robot capable of propelling itself 
forward using internal torques only. The robot consisted of a 
long chain of serially connected segments. The lead segment 
defines the path to be traced, and the additional segments are 
constrained to follow this lead [2]. There are other ways to 
achieve the motion of a snake as in Klaassen [3] in which the 
mechanism consists of different sections with surface sensors. 
Each section has three motors to control the position of one 
universal joint by way of ropes. In Ohno [4], the robot is 
composed of serially connected pneumatic modules. Each 
module had pneumatic actuators, valves, displacement sensors, 
springs, and a microprocessor inside its body. Each module had 
three degrees of freedom. In order to generate friction between 
the belly of the machine and the ground, passive wheels were 
installed into the robot preventing lateral slipping. 

 
Other studies of hyper-redundant robots, more specifically 

inchworm-like robots, have been studied before. One of the 
previous works presented actuators with binary actions (on/off) 
that were used in the design of grippers and extensors in order 
to change the shape of the robot to generate the motion. The 
grippers created friction when they were turned “on” or in 
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contact with the surface, and allowed the extensor to elongate 
when they where turned “off.” The extensor as well was turned 
“on” when it was elongated and turned “off” when it was 
contracted.  Hence, the gait was a sequence of states creating 
locomotion based on the motion of waves. The robot was 
designed based on modular theory were each module contained 
one actuator for the extensor unit and two actuators for the 
gripper unit. Wheels were built under all carts to support the 
weight of the robot [5]. Another model is based on a vehicle 
that uses a four-servo mechanism [6]. Servo pairs are attached 
to a joint providing the axis of rotation needed to contract or 
extend the vehicle’s body. This vehicle has a few footpads to 
grip the surface and create friction to move forward. A further 
work was a robot that used servos to extend and contract the 
structure of the robot. The flexibility of this robot was 
measured for its range of motion in the three dimensional 
space. The four bodies were linked with joints providing three 
degrees of freedom. The first and last sections were the feet of 
the inchworm, which contained the gripping mechanism using 
electro magnetic forces. The robot alternated current between 
the electromagnetic feet, furthermore, the joints and servos 
simulated the inchworm’s propelling motion [7].  

 

The main purpose of this work was to develop a robot that 
simulates inchworm locomotion. Unlike the works mentioned 
above that used pads, magnets, and other methods to grip the 
surface of the ground, this robot uses controlled friction 
between the ground and the structure of the robot interchanging 
mass via water exchange between the end bodies. This water, 
moved by a miniature pump, is part of the weight of the bodies 
in contact with the floor. If the majority of the water is 
contained at the front body the frictional force between this 
body and the ground is increased; therefore, the frictional force 
is decreased between the last body and the ground and vice 
versa. 

 

PROTOTYPE AND EXPERIMENT 
The advantages of this robot compared to the previously 

mentioned robots are three. First, it can move forward and 
backward because it does not have pads or wheels that limit the 
motion to just one direction. The robot built by Kotay and Rus 
[8] can also move forward and backward alternating differently 
the current between the magnetic feet. Second, it does not need 
a lot of electrical power compare to Chen et al. [5] or Ohno and 
Hirose [4] nor extensive programming since it uses just two 
servos and a pump, and third it can move in a wide range of 
surfaces with different coefficients of friction. Overall, an 
inchworm biomimetic robot can be used in several 
environments where traditional machines are precluded due to 
size or shape. 

Ver-Vite is the prototype of the robot that imitates the 
locomotion of an inchworm. The robot consists of four bodies 

that are joined together by three revolute joints (A, B, and C) 
(see figure 1). The structure of the prototype is made out of 
wood since it was easy to manipulate (see figure 2). The 
geometrical parameters of the links (table 1) were selected 
according to the dimensions of a miniature pump. The quantity 
of water was selected by adding small amounts of water to the 
containers. The value obtained allowed the robot to move 
forward with minimum slipping back. 

 

 
Figure 1: Schematic view of the four-body prototype. 
 
 

Figure 2: Isometric view of the prototype. 

 

The robot has two servos (Futaba S3004, Champain, IL) 
located at the revolute joints between bodies one and two (i.e. 
point A) and between bodies three and four (i.e. point C). The 
purpose of the servos is to contract or extent the structure of the 
robot by applying torque in opposite directions to bodies 2 and 
3. The displacement of the water is achieved via a (Greylor PQ-
12DC, Greylor Company, Cape Coral, FL) miniature. Two 
water reservoirs are placed at the end bodies in order to enclose 
the water.  A Basic Stamp 2 (BS2-IC, Parallax, Rocklin, CA) 
micro controller programmed in PBasic, controls and 
synchronizes the pump and the servos. Since the micro 
controller cannot manage the high currents required by the 
pump, a dual h-bridge driver (L293D, STMicroelectronics) was 
used to aid the micro controller in current distribution.  
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Body Mass (kg) 
Inertia 

(kg.m2) 

Length 

(m) 

Center Mass 

(m) (figure 3.4) 

1 0.381542 1.879X10-3 0.25 (0.063, 0.048) 

2 0.0694 2.2389X10-4 0.25 (0.0645, 0.0276) 

3 0.0659 1.19021X10-4 0.25 (0.1853, 0.0276) 

4 0.396674 1.5845x10-3 0.25 (0.1705, 0.0475)  

Figure 4. One complete cycle of the robot’s locomotion. 

Table 1. Prototype geometric parameters. The values of the 
center of mass in x and y are measured from the bottom left 
point of the bodies (see figure 3). The inertias of the bodies 
were measured using a trifalar suspension system for 
measuring the moment of inertia of irregularly shaped. 

The schematic view of the experiment is shown in figure 
5a. It consists of a 20X20cm calibration cube with four 
reflective markers that serve as the fixed reference frame. Five 
additional reflective markers were placed at the revolute joints 
and the reference end points (see figure 1) of the robot. The 
complete cycle of motion for the prototype was recorded at 60 
frames per second with a JVC digital video camera. The video 
was downloaded to the computer and was digitized using the 
Ariel Performance Analysis System (APAS) software used for 
gait analysis. The information was analyzed and experimental 
kinematic of these points with respect to the fixed reference 
frame was gathered. A light source was used to enhance the 
reflective properties of the markers and differentiate them from 
other points in the experiment. The dimension of the markers 
was not important because the APAS selects the center point of 
the markers.  The set up of the experiment is shown in figure 
5b.  

 

 

Figure 3. Reference point to locate the center of mass. 

  

 

The prototype built was used to run an experiment in order 
to analyze one complete cycle of the motion (see figure 4). 

 

Figure 5a. Schematic view of the experiment. 
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Figure 6. Free Body Diagram of Body1 of Ver-Vite. 

Body1 is in impact with the ground. The collision prevents 
the robot to go below the floor. In view of the fact that impact 
forces involve the interaction between two bodies, frictional 
forces will appear also at the point of contact. The friction 
between the bodies and the ground was experimentally 
measured in order to validate the model and obtain accurate 
results. Defining m1 as the mass of the body, I1 as the mass 
moment of inertia,  and  as the linear acceleration of its 

center of mass in the x and y directions, and  as its angular 
acceleration, the equations of motion for body

1x&& 1y&&

1φ&&

1 can be written 
as: 

Figure 5b. Experimental set up. 

MATHEMATICAL MODEL AND COMPUTER 
SIMULATION 

The idea of computational analysis is to develop basic 
methods for computer formulation and solution of the 
equations of motion. This requires techniques to formulate the 
equations and numerical methods for solving them. A model in 
Matlab® was created in order to analyze the dynamic behavior 
of the system. 

111111 xmFxm fA &&&& =−− λ                         (1) 
The model was defined by three different theories:  

1111211 ymgmNym A &&&& +−=−− λ                (2) 
• Multibody constraint equations for the analysis of 

kinematic constraints due to the revolute joints. 211111111111 )sincos()cossin( λφηφζλφηφζφ PPPPI −−−+&&
 
1111111 φ&&InNAGFAG AxfAy +=+−
   

(3) 
• Impulse and momentum analysis of impact in 

order to define the ground in the model. 
 

yxxaiyx AGtGRAGmAGmAGI 121111
2
11

2
11 ()12()( +∆+−++ λφ&

 
=−∆+ −aiAyy xmAGtGR 11111 )12 &λ

 • Variable system of particles in order to analyze the 
interchangeable mass of water between the end 
bodies. 

biGxybiAbiGxbi xmAGyetgymAGI −−− −⋅+∆−+ 111111111 )( &&&&φ
 
(4) 

 
 

These three theories were used in conjunction to obtain the 
equations of motion of the system. Under external loading 
conditions the system is supposed to remain in dynamic 
equilibrium. The inertial forces resulting from the 
accelerated masses must balance the internal and the 
external forces. The free body diagram (FBD) of body1 is 
presented in figure 6.  

biGaiAAkaiy xmxmtNtAGm −− =+∆−∆−− 111111111 &&& µλφ    (5) 

tWeyymttNAGm biAbiGAaix ∆−⋅+=∆−∆− −− 111121111 )( &&& λφ  (6) 

 

The complete model representing the equations of motion 
for the four-body system in matrix form is: 
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Where matrix κ  contains the coefficients of the frictional 
force and the normal force. Matrix ϑ  contains the coefficients 
of the variables in the equations of impact, vector υ  contains 
the variables from the equations of impact, and vector ϕ  

contains the known terms from the equations of impact. The 
analysis of impact and friction for bodies 2 and 3 is not taken 
into account since they never touch the floor; hence, the entries 
of the matrices κ  and ϑ  for these bodies are zero. Vector 

[ T
i

Iymxm φχ &&&&&& ,,= ]  contains the terms due to the interchangeable 

mass. 

0)()(

0)()(

≤+∇

=+∇

ki
T

ki

ki
T

ki

xgdxg

xgdxg
        

pmi
mi
,...,1

,...,1
+=

=
      (9) 

Where k is the current iterate and the term dHd k
T

2
1  

represents the quadratic part of the objective function where d 
is the search direction from the current iterate. The solution for 
this problem can be found with any QP algorithm and it is used 
to find a new iterate 

kkkk dxx α+=+1                              (10) 

The set of governing equations for the inchworm-like robot 
is derived from the four bodies. The equations will be 
differential non linear equations due to the friction.  In addition, 
the equations have variable mass parameters due to the mass 
changes required between bodies 1 and 4.   

The step length parameter kα  is determined by an 
appropriate line search method so that sufficient decrease in the 
function is obtained. 

A Matlab® function that uses both the SQP for optimization 
and the model itself was used to modify the design and 
optimize specific parameters of the robot. 

“Optimization can be defined as the process of finding the 
conditions that give the maximum or minimum value of a 
function under given circumstances. If a point X* corresponds 
to the minimum value of the function f(x), the same point also 
corresponds to the maximum value of the negative of the 
function –f(x). Thus, optimization can be taken to mean 
minimization since the maximum of a function can be found by 
seeking the minimum of the negative of the function” [9]. 

 

RESULTS 
 
Model Results and Validation 

The results for the x displacement of the left reference point 
(see figure 1) are shown in the following figures. The results 
obtained from the model were compared with the results 
gathered from the experiment using the APAS software.  

The Constrained Problem: It is when an objective 
function is subjected to other functions that basically restrict 
the solution to a certain space. In each constrained optimization 
problem, we always assume that the objective function and the 
constraint functions are differentiable. The main idea for 
solving the problem is to derive a set of necessary conditions 
for the optimality of the problem. We may use these conditions 
to determine an optimal solution. One of the methods to solve 
constrained optimization problems is the Sequential Quadratic 
Programming (SQP). This method allows you to closely 
mimic Newton’s method for constrained optimization just as is 
done for unconstrained optimization. At each major iteration an 
approximation of the Hessian matrix of the lagrangian function 
is made using a quasi-Newton updating method. This is then 
used to generate a quadratic programming (QP) subproblem 
whose solution is used to form a search direction for a line 
search procedure. Given the general statement problem, the 
principal idea is the formulation of a QP subproblem based on 
a quadratic approximation of the lagrangian function. 

More information can be obtained from the model, such as 
the magnitude of the frictional and normal force, the 
acceleration of the bodies, or the magnitude of forces at the 
revolute joints.   It is not necessary to expose here additional 
figures with different points since they all reflect similar 
results. Velocity figures are not compared since they are the 
derivatives of displacement of the prior figures and also shown 
similar behaviors. 

 

 

 

 

The QP subproblem can be stated as follow:  

Minimize  dxfdHd T
kk

T )(
2
1

∇+             (8)  

 
  Subject to 
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Figure 7. X displacement of the left reference point (see 
figure 1) of Ver-Vite when no water is transferred between the 
end bodies. 

Figure 8. X displacement of the right reference point (figure 
1) of Ver-Vite when no water is transferred between the end 
bodies. 

Figure 7 represents the displacement in the horizontal axis 
of the left reference point of the robot (figure 1) without the 
presence of water. The results showed that the theoretical 
results from the model compare accurately with the 
experimental results from the experiment. The displacement 
values are very close and the behavior of the motion is the 
same. The results from the experiments deviate possibly due to 
diverse factors present during the experiment. Some of these 
factors not considered in the model may be the vibration of the 
pump and servos, the friction in the revolute joint, or 
environmental changes that can alter the basswood properties. 
This can be appreciated by viewing the smooth curve from the 

model compared with the jiggling curve of the experiment. The 
inability of the robot to achieve forward progression can also 
be observed with these curves. The immediate change in 
direction present in the figures is due to the lack of 
interchangeable mass.  

Figure 8 represents the displacement in the horizontal axis 
of the left reference point of the robot (figure 1) with the 
presence of water. The smooth path can be observed in the 
model compared to the jiggling path in the experiment. The 
figure reflects steady behaviors that are caused by the pump 
still exchanging water after the robot’s contraction or 
extension. The small displacement at the beginning of the 
motion shows that the body is moving backwards. In an ideal 
condition this displacement will not exist since the body is not 
supposed to move because it contains the maximum amount of 
water. At the second part of the motion, since the body does not 
have water, it can move easily and can advance forward. This 
is represented by the big displacement shown in this graph. In 
this experiment as opposed to the previous, figure 8 reflects a 
noticeable forward progression demonstrating the importance 
of water presence for locomotion. 

Optimization results and validation 

Case 1: consider a particular problem of Ver-Vite. The 
inchworm achieves motion using a peristaltic contraction 
process that produces a jerky and slow forward progression. 
Depending on the use of the robot, one important characteristic 
that can be optimized is the average velocity of one whole 
cycle. This means that the robot has to advance the maximum 
possible distance in the minimum time during one cycle. The 
optimization problem can be stated as: 

Find  








=








=
m

waterMass
x
x

x
&

_

2

1  which 

 maximizes cycleVelxf _)( =  

Where Mass_water represents the maximum water that can 
be moved between the containers in [ ] ,  represents the 

rate of change of the water in 

kg m&







s
kg , and 

[ ]
[ ]sTime

mntDisplacemecycleVel =_ . The design variables (x1, and 

x2) affect directly the displacement and the time of the cycle. 
Since the variables depends on physical limitations due to the 
specifications of the pump and the total volume of water that 
can be enclose on the containers, some constraints have to be 
applied to the variables  

Subject: 
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kg 021.01089.9 3 &  

The lower and upper bounds of the constraints restrict the 
solution to be inside this range. The Matlab ® function for 
optimization was used in order to find the best possible solution 
to the problem. Different guesses were taken in order to test 
stationary points as well as boundary points. The different 
results obtained are shown in table 2. 

It can be seen from table 2 that the maximum velocity for 
one cycle was obtained at the maximum rate change of water 
and the maximum amount of water that can be moved between 
the end bodies. Ideally, optimization should not go to the limits. 
Then it can be seen from the table that if the pump were faster, 
the optimum values will change. The amount of water that can 
be changed between bodies will be less and the velocity will 
increase. Even though the optimization function was used at 
different guesses; it would be desirable to run the optimization 
function using more points. The results can be better 
understood with a plot of the function. In this problem it is easy 
to obtain a graph since there are just two variables involved, 
hence, a set of points can be chosen to evaluate the function at 
this points. The result is shown is figure 9. 

Table 2: Results obtained from the optimization function. 
Average velocity of the cycle as the objective function 
parameter subject to the amount of water interchanged 
between the end bodies and the rate of change of water. 

First Guesses Results optimization Function 
evaluated 

Mass_water 
(kg) 

m&  (kg/s) Mass_water 
(kg) 

m&  (kg/s) Vel_cycle 
(m/s) 

0.000E+00 9.890E-03 1.358E-05 9.890E-03 2.314E-03 
1.500E-02 8.000E-03 3.974E-10 1.731E-02 2.080E-03 
2.500E-02 2.100E-02 2.500E-02 2.100E-02 4.375E-04 
5.000E-02 2.100E-02 1.500E-01 2.100E-02 3.990E-03 
6.500E-02 1.650E-02 1.173E-07 9.890E-03 1.977E-03 
6.500E-02 2.100E-02 1.500E-01 2.100E-02 3.990E-03 
7.130E-02 2.000E-02 1.500E-01 1.147E-02 2.263E-03 
7.500E-02 1.670E-03 3.074E-08 2.100E-02 2.770E-03 
8.700E-02 1.980E-02 1.161E-09 2.100E-02 2.245E-03 
9.000E-02 2.000E-02 1.500E-01 2.100E-02 3.990E-03 
9.500E-02 8.000E-03 1.500E-01 2.100E-02 3.990E-03 
1.200E-01 1.900E-02 1.500E-01 2.100E-02 3.990E-03 
1.300E-01 1.300E-02 1.500E-01 2.100E-02 3.990E-03 
1.500E-01 9.890E-03 1.500E-01 2.100E-02 3.990E-03 
0.000E+00 2.100E-02 1.500E-01 2.100E-02 3.990E-03 

 

Case 2: A second case can be considered now. The same 
problem as case 1 can be solve except that now three variables 
are considered to find the maximum velocity of the cycle. 
Additional to the amount of water that can be changed and the 
rate of change, the length of the middle bodies is included. The 
length is the same for both bodies. The statement of the 
problem is: 

 

 

Find  
















=















=

3,23

2

1 _

L
mdot

waterMass

x
x
x

x  which  

maximizes cycleVelxf _)( =  

Where  is the length of the middle bodies  (see figure 
1). 

3,2L

Figure 9. Optimize velocity of one cycle subject to the amount 
of water interchanged between the end bodies and the rate of 
change of water. 

 

 

  
 
  
 
 Subject to: 
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[ ] [ ]kgwaterMasskg 15.0_0 ≤≤
 

First Guesses Results optimization Function 
evaluated

Mass 
water 
(kg) 

m&  
(kg/s)

L2,3 Mass 
water 
(kg) 

m&  
(kg/s) 

L2,3 Vel 
cycle 
(m/s) 

0.00E+00 9.89E-03 2.00E-01 5.61E-02 2.09E-02 3.00E-01 1.48E-02 
0.00E+00 1.00E-02 2.00E-01 0.00E+00 1.00E-02 2.00E-01 2.44E-03 
0.00E+00 2.10E-02 2.00E-01 0.00E+00 2.10E-02 2.00E-01 2.44E-03 
2.81E-02 2.10E-02 3.05E-01 1.97E-02 2.10E-02 3.050E-01 2.23E-02 
3.40E-02 2.10E-02 3.05E-01 1.91E-02 2.09E-02 3.049E-01 2.25E-02 
3.45E-02 2.09E-02 3.10E-01 9.03E-02 2.09E-02 3.10E-01 5.22E-03 
1.00E-01 5.00E-03 2.68E-01 9.21E-02 2.10E-02 3.10E-01 1.96E-03 
0.00E+00 2.10E-02 3.00E-01 2.81E-02 2.10E-02 3.00E-01 1.70E-02 
1.00E-01 1.80E-02 3.10E-01 9.03E-02 2.10E-02 3.09E-01 5.24E-03 
1.00E-02 9.89E-03 2.50E-01 3.89E-02 2.10E-02 2.96E-01 1.67E-02 
5.00E-02 1.50E-02 2.50E-01 5.29E-02 2.10E-02 2.98E-01 1.32E-02 
7.50E-02 9.89E-03 2.50E-01 7.79E-02 2.10E-02 3.00E-01 8.83E-03 
1.00E-01 1.52E-02 2.30E-01 1.03E-01 1.79E-02 3.00E-01 5.47E-03 
1.20E-01 1.90E-02 2.50E-01 1.21E-01 2.10E-02 3.00E-01 4.93E-03 
1.27E-01 1.75E-02 2.00E-01 1.30E-01 2.10E-02 3.00E-01 4.32E-03 
1.30E-01 1.83E-02 2.45E-01 1.31E-01 2.04E-02 2.88E-01 4.62E-03 
1.50E-01 9.89E-03 2.00E-01 1.45E-01 2.10E-02 3.00E-01 3.56E-03 
1.50E-01 9.89E-03 2.50E-01 1.50E-01 2.10E-02 3.00E-01 3.36E-03 
1.50E-01 9.89E-03 3.00E-01 1.50E-01 2.10E-02 3.00E-01 3.36E-03 





≤≤



× −

s
kgms

kg 021.01089.9 3 &  

[ ]mLm 31.02.0 3,2 ≤≤  

The Matlab ® function for optimization was used in order 
to find the best possible solution to the problem. Different 
guesses were taken in order to test stationary points as well as 
boundary points. The different results obtained are shown in 
table 3. 

It can be seen from table 3 that the maximum velocity for 
one cycle was obtained at the maximum rate change of water, a 
low quantity of water that can be moved between the end 
bodies, and a close value to the maximum length for bodies 2 
and 3. The range in which the length of the bars could change 
was bigger, but after 0.31[m] the time and the force in the 
motors was bigger. Therefore, it was necessary to bound this 
interval. Even though, the solutions of the two cases converged 
to a maximum value, it cannot be claim that these values are 
the absolute maximums of the function. However these 
solutions give an improved option of the problem that can be 
implemented. Optimization of Ver-Vite’s dynamic behavior is 
not limited to these two cases. The model allows changing 
different parameters of the robot and defining different 
optimization problems subject to these parameters. Another 
case could be the minimization of power requirements subject 
to the length and weight of the bodies, and the angular range of 
motion for the middle bodies. 

Table 3: Results obtained from the optimization function. 
Average velocity of the cycle as the objective function 
parameter subject to the amount of water interchanged 
between the end bodies and the rate of change of water. 

The results obtained from case 1 suggested that the average 
velocity had a maximum value at maximum exchangeable mass 
and maximum rate of water exchange. This solution was 
validated using the prototype by performing a simple test. 
During the test the robot had to advance a predefined distance. 
The results demonstrated the successful implementation of an 
optimization routine since the robot running without mass of 
water did not reach the end. In addition, the solution was 
validated using the model running three continuous cycles 
witout and with water. Figure 10 shows that the robot will not 
achieve forward locomotion eventhough it completes the three 
cycles in a short period of time. In this case the average 
velocity of the cycle is close to s

m410−×1 . In figure 11 it 

can be seen that the robot, running with water, achieves 
forward progression. Eventhough it completes the three cycles 
in more time than the model running without water, the robot 
advances a considerable distance. The average velocity for this 
casde is approximately s

m38.0 . 
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Figure 10: Three cycles of the robot using the model. There is 
no water present in this case. 

 

Figure 11: Three cycles of the robot using the model. There is 
water present in this case. 

CONCLUSIONS AND DISCUSSION  
 

The objective of this work was to develop an optimized 
design for inchworm locomotion. The different works found in 
the literature used different methods in order to grip the surface 
of the ground such as pads, magnets or wheels. On the other 

hand, Ver-Vite uses controlled friction by interchanging water 
between the end bodies. The prototype built demonstrated the 
successful implementation of using friction and 
interchangeable mass to generate the motion.   

A model for the study of inchworm locomotion was 
created. In order to validate the model, the coefficient of 
friction of the robot with the ground, and the mass moment of 
inertia of the bodies were experimentally measured. The values 
obtained were used in the model to gather accurate results. 
These results were compared with the data from the 
experiment.  

It was essential to perform an initial experiment without 
changeable mass and a comparable one with interchangeable 
mass. The experiments were necessary in order to compare the 
effectiveness of the robot’s motion with and without water. 

The concept used in the experiment exchanging water 
between the end bodies has provided positive outcomes in 
forward progression. However time consumption during the 
water exchange period presents a drawback in performance.  

This drawback called for further evaluation and dynamic 
improvement of the average velocity of each cycle. 
Optimization theory was used as a tool to evaluate these 
matters and find a more appropriate solution. In order to 
achieve an ideal average velocity of the cycle, it was necessary 
to analyze the behavior of the robot under the influence of two 
parameters. These parameters involved the amount of water 
that can be exchanged and the rate of time at which it is 
changed. The outcome suggested the need to involve more 
water and exchange it at a faster rate. In order to maximize the 
velocity of the cycle, the time required for one complete cycle 
has to be minimized. Using an upgraded pump this problem can 
be solved. 

A second test included the same idea as the previous test. 
Maximize the average velocity of one cycle subject to the 
quantity of water that can be exchanged between the end 
bodies, the rate of change of water, and in addition the 
alteration of the middle bodies of the robot by elongating them. 
The results provided that it was not necessary to involve more 
water, yet the exchange of water at a faster rate and the 
elongation of the middle bodies was required. Optimization 
provided good results in maximizing dynamic parameters of 
the robot. Using the theoretical model coupled with the 
optimization function created in Matlab®, other optimization 
problems can be solved. In particular, minimizing the masses of 
the bodies, or other functional parameters as power 
requirements. The aforementioned solutions are not to claim 
perfection but for now they show improvement in the behavior 
of the robot. 
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The surface in contact with the ground can be improved by 
using a flexible material. This will help to increase the friction 
between the bodies and the ground in rough terrains. 

It will be necessary to include more degrees of freedom in 
order to maneuver and avoid obstacles. This will expand the 
possibilities where the robot can be used. 

It should be expressed that simulation is only a tool in the 
design process and that experimental verification is always 
desired. The results obtained from the experiments and the 
optimization, answers previous questions and entails the 
creation and analysis of new robots and devices.   
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