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An Asymmetrically-Bistable
Monolithic Energy-Storing
Structure

M.J. Santer* and S. Pellegrinof
Unwversity of Cambridge, Cambridge, CB2 1PZ, UK

The concept of binary robotic systems, in which continuous adaptive behaviour is
approximated by the motion of a large number of discrete bistable elements, has created
the need for fully-actuated structural bistable elements to be designed and manufactured.
This paper discusses potential actuator technologies that could be suitable for such a
design, and covers in detail the development, analysis and testing of a jumping bistable
device. It is demonstrated that the symmetry of the structure’s bistable behaviour has
important implications for the selection of driving actuators. Additionally, it is shown that
good predictions of the attained jump height, and hence the energy storage characteristics
of the element may be made. The monolithic nature of the structure proposed is a distinct
advantage over previous structures for integration into a binary robotic system.

Introduction

A novel approach to the design of variable-
configuration, or adaptive structures is derived from
the concept of binary robotic systems [1], i.e. robots
that contain a number of two-state “binary” actuators.
The idea is to approximate the continuous shape vari-
ation of a conventional adaptive structure by means
of a large number of discrete configurations. This ap-
proach presents several advantages, in particular the
reduction in the need for extensive feedback control:
a bistable structural element can only be in one of
its two stable states, as any intermediate configura-
tion is unstable, and so a structure made of bistable
elements can have only a finite number of configura-
tions. Additionally, there is no requirement for power
to be maintained to the actuators in order to hold
the structure in any of its configurations. Finally, bi-
nary robotic systems can potentially be made from
very low-cost components, as is already demonstrated
by the existence of a vast number of bistable gadgets
that one comes across every day.

In November 2002, a meeting was held between
the Deployable Structures Laboratory (DSL) of Cam-
bridge University and the Field Space and Robotics
Laboratory (FSRL) of the Massachusetts Institute of
Technology (MIT), to discuss advances in the actu-
ation of bistable mechanisms. The outcome of this
meeting was the following design challenge, set to
both groups: to design and construct a fully actu-
ated bistable structure (of approximately 100 mm X
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100 mm), capable of doing useful work over the tran-
sition between its stable states. As a demonstration of
this ability to do useful work, it was required that the
structure be able to jump at least 100 mm from a da-
tum surface. It was also required that this behaviour
should be repeatable over a number of cycles.

This paper describes in detail the response of the
DSL to this challenge. The paper begins by dis-
tinguishing between symmetrically vs. asymmetrically
bistable elements, and by presenting an example of
a recently proposed monolithic (i.e. joint-less) sym-
metrically bistable structure. The design process of
a jumping structure is then discussed with particu-
lar emphasis on the selection of suitable actuators; a
novel asymmetrically bistable structure is presented.
Next, a detailed analysis of the jump and reset pro-
cess is presented and, having shown that the proposed
structure is able to meet the requirements of the de-
sign challenge, a physical prototype of the proposed
structure is constructed and tested. A discussion of
how the proposed structure might be integrated in a
binary robotic system concludes the paper.

Background to Bistable Structures

It is useful to begin with the following defini-
tions: a Symmetrically-Bistable structure has equal
strain-energy levels in both of its stable states;
an Asymmetrically-Bistable structure stores a larger
amount of strain energy in one of its stable states, and
— by releasing this energy — the structure is able to do
work over the transition from the higher-energy to the
lower-energy stable state.

Initial work on structural bistable elements was car-
ried out by Schigler [2]. An example of a structure
that combines non-linear tape springs with rigid ele-
ments — called the four-bar, four-spring mechanism by
Schigler — is shown in Figure 1. This is a closed-loop
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structure consisting of four identical tape springs, i.e.
segments of carpenters’ steel tape measure, which are
widely-used as components of self-locking deployable
structures [3], connected to four identical kinked rods.
This structure has two stable configurations, in which
a pair of opposite tape springs is bent and the other
pair is straight. These two configurations are shown
in Figure 1. What makes these configurations stable
is the much higher stiffness of a straight tape mea-
sure, in comparison with a bent one. Because the two

AN

Tape spring (bent) \

same tape spring (straight) \/
(@

(b)

Fig. 1 Two stable configurations of four-bar-four-
spring structure.

states Figure 1(a) and Figure 1(b) are geometrically
identical, clearly equal amounts of strain energy will
be stored in each of these configurations. Hence we
are dealing with a symmetrically-bistable structure.

Due to its monolithic nature, i.e. the absence of any
sliding parts, the four-bar-four-spring structure was
chosen as the starting point for the design of a jump-
ing bistable structure. It should be noted, however,
that because this structure is symmetrically-bistable,
all the energy for a jump would have to be provided
by the actuators effecting the transition between the
stable states.

Two potential strategies for actuating a four-bar-
four-spring structure are (i) to use an actuator that
“pushes” the pair of initially straight tape springs out-
wards, or (ii) to use an actuator that “pulls” the pair
of bent tape spring inwards, as shown in Figure 2.

The force required at the beginning of each actu-
ation phase is considerably larger than later in the
process (neglecting the potential force requirement to
extend the opposing actuator), as the straight tape
springs have to be “buckled” first. Omnce this has
happened, the resistance presented to the driving ac-
tuator is considerably reduced, but the actuator has
to continue moving the structure towards the alter-
nate stable state, until the other pair of tape spring
snap into the straight configuration.

The merits and demerits of these two strategies will
be considered as part of the design of the jumping

(b)

Fig. 2 Two actuation strategies for four-bar-four-
spring structure.

bistable structure. First, available actuators will be
reviewed to determine for suitability to be integrated
with the chosen type of bistable structure. The be-
haviour of the selected actuator has important reper-
cussions with regards to the design of the structure
itself.

Available Actuator Characterisation

In this section, four different actuator technologies
will be briefly discussed. The first two, Electro-Active
Polymers (EAPs) and Nematic Elastomers, have yet
to be used in mainstream applications; the remaining
two are established technologies, Shape Memory Al-
loy (SMA) and piezo-electric ceramic. For each type
of actuator, the working principle will be explained,
and issues relevant to their suitability for the present
application will be assessed.

EAP Actuators

An EAP is any compliant elastomeric polymer with
a high dielectric constant (the ratio of the polymer
permittivity to the permittivity of free space). When
coated with a compliant electrode on both faces and
subject to a potential difference, an effective pressure,
known as the Maxwell stress, is produced by the elec-
trodes on the film [4,5]. This pressure p may be
expressed as a function of the applied electric field F,
and hence the potential difference between the elec-
trodes V' and film thickness ¢, as

V 2
p=ecB? =6 (t) (1)

The product €pe, is the permittivity of the polymer.
Under this pressure, shown in Figure 3, the polymer
compresses in the 3-direction, and by conservation of
volume must expand in the 1 and 2-directions, to a
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greater or lesser extent depending on the elastic prop-
erties of the polymer.

€4

Fig. 3 EAP deformation under Maxwell Stress

It may be seen from Equation 1 that it is desirable to
have the film thickness as small as possible in order to
maximise the Maxwell stress for a given electric field.
A very promising film is VHB-4910 tape manufactured
by 3M. As manufactured, however, the VHB-4910 tape
is 1 mm thick. This is far too thick to allow a suffi-
cient Maxwell stress to be induced without exceeding
the critical breakdown voltage for the material. In or-
der to use the tape as a viable actuator material, the
material must be prestrained to reduce the thickness.
The visco-elastic nature of the acrylic means that the
stress induced by the prestrain quickly relaxes.

A major issue concerning the fabrication of EAP
actuators is the choice of material for the compliant
electrodes. They must be robust enough to endure
electric fields of hundreds of kV/mm and maintain a
good electrical contact when stretched. Potential solu-
tions are Carbon or Silver grease, which however show
a tendency to crack when they dry out over time; and
Carbon powder, which, whilst reasonably effective, re-
lies on the adhesion properties of the EAP film itself.

As the dominant actuation mode of EAP’s is lateral
expansion, as shown in Figure 3, and the thin EAP film
cannot withstand compressive forces without buckling,
it is necessary to devise a means for the EAP film to
act in a tensile mode.

The development of an EAP actuator specifically
for integration into a binary robotic structure is the
focus of ongoing research at the FSRL [6]. The FSRL
approach is to have layers of EAP within a mechanism
consisting of rigid elements connected with compliant
hinges. Several working prototypes of Electro-active
Polymer Artificial Muscles (EPAMs) have been made.
Current prototypes exhibit large strains up to 200%
and an available force of ten times the weight of the
device. They also exhibit the high specific energy and
efficiency that is characteristic of EPA devices. Their
force to weight ratio, however must still be improved
before they become viable for the actuation of bistable
structures.

Nematic Elastomer Actuators

Nematic elastomers exhibit coupling between rubber
elasticity and liquid-crystalline degrees of freedom [7].

This effect can result in a number of unusual prop-
erties, but it is their ability to exhibit considerable
strains in response to an increase in temperature, or
exposure to light, that makes them attractive for use
in actuators. Nematic rubbers may be made with an
infinite number of properties, but the ultimate tensile
stress is usually of the order of 0.1 MPa; the actua-
tion temperature can be varied, but it is usually below
100°C.

Compressive strains of up to 50% are readily
achieved, which makes nematic elastomers particularly
attractive for the actuation of bistable mechanisms. A
considerable advantage is that when the temperature
is lowered below the actuation threshold the actuator
returns to its original configuration. This means that
if two nematic actuators were attached to the struc-
ture of Figure 2, in orthogonal directions, in any cycle
the driving actuator would be getting shorter while the
other actuator is slack.

As their production technology improves, nematic
elastomers are likely to become a very promising tech-
nology for the present application, although this stage
has yet to be reached.

Amplified Piezo-electric Actuators

Piezo-electric materials are capable of generating
high forces, but only low strains, typically of the order
of 0.01%. Amplified Piezo-electric Actuators (APAs),
consisting of multi-layered piezo-electric elements sur-
rounded by a motion-amplifying frame, have been de-
veloped by Cedrat Technologies [8]. The highest stroke
available at present is 500 pm with a blocked force of
570 N from the APA500L actuator, which is 55 mm
high. These properties correspond to an equivalent
strain of the order of 1%.

The effective stroke may be further amplified by
stacking APAs in series, but the equivalent strain of
this type of actuator is just too small for the present
application. Bistable structures such as the four-bar-
four-spring structure undergo equivalent strains in ex-
cess of 100% between opposite points connected by an
actuator in Figure 2.

An important issue, though, is whether the actua-
tors need to remain attached to the structure while it
moves. Clearly all that is required is to take the struc-
ture past the configuration of maximum strain energy;
provided that the strain energy decreases monoton-
ically from this point onwards. After reaching this
point, one end of the actuator could simply detach
itself and the motion would continue. In the case
of symmetrically-bistable structures, this intermediate
point cannot occur before half-way between the two
stable configurations and hence an actuator capable
of delivering at least 50% strain would be required.
In the case of asymmetrically-bistable structures, only
a very small equivalent strain is usually sufficient to
initiate the motion from the higher energy state. It
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would not be possible, however, to actuate the reverse
cycle with an APA.

SMA Actuators

Shape Memory Alloys display the so-called shape
memory effect, which is associated with a reversible
thermoelastic transformation between austenitic and
martensitic phases within the alloy [9]. This effect is
exhibited by many alloys, but Nickel-Titanium (NiT1)
wire is the most readily available. NiTi may be trained
into a particular shape through heat treatment. Fol-
lowing this process, any deformations that the wire is
subjected to, within its allowable strain limits (beyond
which permanent, i.e. plastic deformation occurs), may
be recovered by heating it above its transformation
temperature.

A 0.5 mm diameter wire is capable of generating a
stress of up to about 650 MPa while recovering strains
of up 8%. A considerable increase in the equiva-
lent recoverable strain, without increasing the material
strain, can be achieved by forming a NiTi wire into a
helical spring. NiTi springs of this type are manufac-
tured by Mondotronics Inc. [10] which have a stroke
of 110 mm against a blocking force of over 30 N. A
photograph of spring model 3-642 in the two extreme
configurations is shown in Figure 4.

SN v 32

Fig. 4 Extreme configurations of Mondotronics
NiTi spring.

A quasi-static experiment was carried out on these
springs in order to characterise them for design pur-
poses. This experiment determined the maximum
available blocked force for the corresponding extension
of the NiTi spring

The quasi-static experiment was carried out accord-
ing to the following procedure. The spring was ex-
tended by 60 mm in an Instron-5564 materials testing
machine, and held in this configuration. The spring
was insulated from the machine, both electrically and
thermally, by means of Kevlar chords, and then heated
by passing a current of 2 Amps through its full length.

Heating initiates the austenite transformation, which
causes the spring to attempt to contract. As this con-
traction is prevented by the Instron, a force is exerted
by the spring on the Instron. With the spring being
maintained in its heated state, the jaws of the Instron
were moved closer at a rate of 0.02 mm/s, to measure
the available force over the full range of extension. The
results of this experiment are plotted in Figure 5.

18

16 1
14 L
Contracting (hot)
12 1 g
Heating 7

= 10} past Austenite ]
by transition
g 8 temperature
- 6 L Extending (cold)

4 |

2 L /

0 10 20 30 40 50 60

extension (mm)

Fig. 5 NiTi spring quasi-static experiment results.

It can be seen that when the spring is extended
cold, it behaves in a non-linear fashion that is a com-
bination of the linear-elastic behaviour of the spring
plus the plastic-like transformation of the martensite
microstructure. When the spring is heated past the
austenite transition temperature, it behaves exactly
like a linear spring, but generates a force consider-
ably greater than that required for the extension. The
available energy is represented by the area bounded
by the extension and contraction curves. It must be
noted that the experiment presented in Figure 5 did
not go up to the maximum 110 mm extension, but the
behaviour in this case would be substantially identical.

This experiment shows that NiTi springs are (i) able
to recover fully an initial extension and (ii) behave
linear-elastically, when in a heated state. It is use-
ful to represent functionally the behaviour of the NiTi
spring. It is noted that the force-extension behaviour
of a cold NiTi spring tends to an approximately con-
stant value.

Therefore, the following expressions may be used
to describe the behaviour of the Mondotronics NiTi
springs

ON F~33332 (2)
18.2 %2 (0 < 2 < 0.06)
OFF F { 4 (x> 0.06) (3)

in which z is the extension of the spring, in metres,
measured from the contracted state, and F', in New-
tons, is the actuation force.
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Discussion

In order to actuate bistable structures successfully,
ideally both high force and long stroke should be avail-
able in the chosen actuator. Actuators that work
in tension are thought to be advantageous. Of the
technologies discussed above, SMA springs appear the
closest to these ideals if off-the-shelf availability is
required. EAP and Nematic Elastomer technologies
show great potential, but there are a number of design
issues to overcome before they can become a viable
option.

Asymmetrically-Bistable Structure

None of the available actuator technologies has a
sufficient power output to cause a structure to jump in
the manner set out in the design challenge. Therefore,
it is necessary for the structure itself to provide the
power required for the jump and so an asymmetrically-
bistable version of the four-bar-four-spring structure
shown in Figure 1 was considered.

The basic concept is shown in Fig. 6. One pair of
tape springs has been replaced with regular flat leaf
springs, which have a linear moment/rotation rela-
tionship, in order to remove the symmetric behaviour
of the original structure. The actuation strategy,
also shown in the figure, involves a single actuator
that triggers the jump, Figure 6(a), and a symmet-
ric pair of actuators to take the structure back into
its higher-energy configuration, Figure 6(b). Two fur-
ther changes have been made to improve the jumping
characteristics: the included angle of the corner pieces
has been changed from obtuse to acute, with the effect
that two points will push off against a base support,
instead of only one point, and the corner pieces have
been extended outwards, to amplify the push-off ac-
tion and also to provide an attachment point for the
resetting actuators.

The first stage of the design process involved op-
timising the geometry of the structure to maximise
the available jumping energy for given (leaf and tape)
spring characteristics. A tape spring may be idealised
as behaving linearly up to a critical snapping moment,
and providing a constant moment, M*, thereafter [11].
For a given leaf spring, the spring constant K may
be calculated by making the approximation that the
loading condition is pure moment applied at each end.
Making the additional assumption that there is zero
strain on the neutral axis at all times, requires that
the leaf spring deform as a developable surface, i.e. a
circular arc [12].

Thus the geometry of the whole structure and hence
the curvature x of the leaf spring may be determined
for every intermediate position between the stable
states. The moment exerted by the leaf spring for any
given geometry may be calculated from

Mis = Dk (4)

Corner Piece
Tape Spring
Jumping
Actuation Leaf Spring

T
I A

Resetting
Actuation

‘/A\‘
(b)

Fig. 6 Concept of jumping structure (a) higher-
energy configuration and (b) lower-energy configu-
ration.

in which D is the plate bending stiffness (used because
the width/thickness ratio of 36.6 for the leaf spring
that will be used is more indicative of a plate than a
beam).

To ensure that the structure is able to lock in the
configuration of higher energy, the maximum moment
exerted by the leaf spring must be less than the maxi-
mum moment that can be carried by the tape spring.
A margin of 15% was enforced in the design. For the
available tape and leaf springs, a fixed corner angle
« = 55° was the nearest integer to the value that max-
imises the energy available for jumping, subject to this
constraint.

A plot of the moments acting on a corner of the
structure is shown in Figure 7, where 1) represents the
rotation of the corner during the transition between
the two stable states. The available energy for a jump
is the area bounded by the curves.

A simple upper-bound prediction for the height at-
tained in a jump, may be made by assuming that all
stored energy is converted into the potential energy
of the structure corresponding to this height. In the
case where the energy absorbed by the resetting actu-
ators is negligible (as would be the case, for example,
if nematic elastomer actuators were used), the avail-
able energy is represented by the area bounded by the
curves in Figure 7. In the case where the resetting
actuators absorb a considerable amount of energy (as
when NiTi Springs are used) this must be included in
the calculations.

These predicted heights are as follows. In the case
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where the resetting actuators are neglected the avail-
able jumping energy is 0.34 J, corresponding to a po-
tential height of 0.498 m. Resetting two Mondotronics
springs absorbs 0.21 J, corresponding to a potential
height of 0.186 m.

0.7 T T T T T T

0.6 / Tape Spring Moment

[
n Leaf Spring Moment
05+ . / |
£ A
Z o4 Stored Energy |
g n (Area bounded by curves
E gl ! |
2 "l
11
02f: = 1
11
11
01p = i
('
R R e L R T P -
0 5 10 15 20 25 30 35

Fig. 7 Moments acting on a corner of the asym-
metrically bistable structure.

Reset Analysis

Having designed an asymmetrically-bistable struc-
ture that maximises the available jumping energy, the
behaviour of the structure during its reset cycle may
be analysed as follows.

Consider the structure in a general configuration be-
tween the two stable states, as shown in Figure 8. This
configuration is fully defined by the corner rotation
from the horizontal, 1. Note that each tape spring is
idealised as two rigid parts of length b/2, connected by
a hinge. Also note that, since § = m — 29 — 2«, the
curvature of the leaf springs is given by

K:ﬂ'—2a—2¢ (5)

a

The structure is in quasi-static equilibrium under
the action of pairs of equal and opposite forces applied
by the actuators, which we will think of as external
forces. Gravity effects will be neglected.

Figure 9(a) shows free-body diagrams for the cor-
ner elements and the two types of springs. Note
that each spring is subject to a uniform bending mo-
ment, which is the constant M* in the tape spring
and the curvature-dependent Mg in the leaf spring.
Figure 9(b) shows the configuration change associated
with a small corner rotation di.

Equating internal to external virtual work gives the
following equation of equilibrium

4M*d1/} — 4MLde = 2F1d!1)1 + 4F2d(E2 (6)

(b)

Fig. 9 (a) Stress resultants during reset; (b) small
change of configuration.

The work done by the actuators, on the right-hand-
side of Equation 6, is given by the product of the
actuator force and the change of distance between the
points connected by the actuator. The values of the
actuator forces can be obtained from Equations 3,2. If
we define a positive change to be an increase in dis-
tance, dr, and dxo may be obtained by differentiation,
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with respect to v, of

2a .oTm— 20— 2 .
xlzw_za_szm 5 w—bsmw—lo (7)
2a . m—20—2 .
Tg = 7r—204—2”¢18m 5 w+2Lsm¢—lo (8)

in which x; and z5 are the instantaneous lengths of
the central and outer actuators respectively, and [ is
the unextended actuator length.

Making the substitutions indicated above, eliminat-
ing diy and rearranging, Equation 6 becomes

aM™ fQ(WfQOz—Q@Z))
a

— FOFpcostp + AFPN Leosy =0 (9)

Using the experimentally determined actuator pro-
files (Equations 2 and 3), and M* = 50 Nmm, the
minimum resetting actuator force profile may be plot-
ted for every stage of the cycle as in Figure 10. The
slight discontinuity in the curve is due to the func-
tional approximation of the NiT1i springs, and is not a
real feature. It may be seen the NiTi spring actuators

40 : : : : : :
Potential termination of reset cycle _ .-~
35 L ‘_—‘——l 4
.-
/ .—1——‘—.‘ \
30 < ]
oo * ] fr— .
NiTi spring force
25 ¢ 9
£
o 20 b
o
o
W 15 ]
10 ]
Minimum required resetting force
5 L
o N ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35

v (°)

Fig. 10 Mimimum resetting actuation force profile

appear insufficient to perform this function, predicting
a termination of the reset cycle at an angle ¢ = 6.1°.
The reason that these actuators may still be used is
covered in the Experimental Observations section.

Dynamic Jump Analysis

To estimate the initial conditions before the struc-
ture takes off, during a jump, a full dynamic analysis
of the motion up to the point where the structure loses
contact with the ground is described below for the case
when resetting actuators are neglected.

The analysis begins at the time when the structure
has just abandoned its high energy stable state. The
notation used in the analysis is shown in Figure 11.

Fig. 11 Notation used for analysis of jump.

By symmetry, only half of the structure is considered.

T and B denote the points of intersection of the
centre lines of the tape springs and the leaf springs. A
lumped mass m with moment of inertia J is assumed
at each of these points. The vertical components dis-
placement of these points, from the configuration in
which ¢ = 0, are 7 and xp, and the horizontal com-
ponent is y.

The equation of motion can be obtained by vir-
tual work, considering the set of virtual displacements
already used for the reset analysis, see Figure 9(b).
Clearly, the work done by the D’Alembert forces needs
to be included in the present case. Virtual work gives

2Mpsdiy + 2M*dyp + mIpdzrr
+ migdrp + 2mijdy + 2JPdip =0 (10)
The linear displacements x7, zp and y are related

to the angular displacement i by assuming a circular
deformation of the leaf spring resulting in

xT:%_fTwsin(g—a—w) — A+ Lsing (11)
in which
o)
and
g = Lsiny (12)
v = (zr5)a-wwn a3

In order to be solved, this equation must be rewrit-
ten in terms of a single variable. It turns out that 1 is
the most convenient to choose. It can be shown that

2
8xT )

oY? v

 dar -

inww'i‘

(14)
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and similarly for xp and y. Substituting these expres-
sions allows the equation of motion to be written in
the form

AW)) + B)Y® + C(¢) +2M* =0 (15)
in which
a = e (5 () 2 (50)]
B — m (amT vy dvp 0w aya2y)
oy 0y T oy W "oy oy
C = 2§(ﬁ—2a72@/})

Equation 15 was solved numerically using Mat-
lab [13]. The lumped mass was taken to be a quar-
ter of the total, m = 17.5 g, and the value of j
was calculated as the inertia of a single corner piece,
J = 0.547 x 1076 kgm?.

Using these values, the plots shown in Figure 12 and
Figure 13 were obtained for the linear and angular dis-
placements and velocities for the structure over the
transition between the less preferential and the prefer-
ential stable states. For simplicity, take-off — which

35 T T T T 90
80 r
301
__ 701
(2]
25 =
T 60
g >
o 20f = 50
— [&]
c o
o (0] L
8 L 40
5 1 <
° ©
2 S 30°F
10 [ =
© 20
5
10 f
0 02 04 06 08 1 0 02 04 06 08 1
x1072 . x1072
time (s) time (s)

Fig. 12 Angular motion between snap and jump.

occurs when the contact force between the feet of the
structure and the ground becomes zero — is assumed to
occur at the time when the lower energy stable state
is reached. In fact, take-off occurs slightly later, and
the delay depends on the length of the extension on
the feet.

The analysis predicts a rigid body velocity at the
point of take-off of 1.475 ms=!. Then it is straight-
forward to determine the jump height, as a particle
with initial, vertical velocity v and subject to constant
acceleration g reaches a height

§=— (16)

3+t
20
2.5
g —
(2]
Z 1% € 2 e,
3 E ™.
£ > g A
3 B 150 3 k
S 10f Ke) .
Q. () K
0 =
o 11 .
."
5r .
0.5¢ dxy/ dt ]
A T dXB/dt
0 02 04 06 08 1 0 02 04 06 08 1
x1072 %1072

time (s) time (s)

Fig. 13 Vertical displacements and velocities be-
tween snap and jump

For v = 1.475 ms~! Equation 16 predicts a height
s = 0.111 m. This analysis represents a consider-
able improvement over the energy analysis described in
the Section Asymmetrically-Bistable Structure, which
shows that the effects of rotational inertia of the jump-
ing structure cannot be ignored.

Experimental Observations

Several jumping and reset experiments were carried
out and recorded with a digital video camera. Fig-
ure 14 shows stills from two of the movies from the
experiments, when the structure is at its maximum
height. Although the images are rather blurred, the
height reached by the centroid can be measured with
reasonable accuracy.

Figure 14(a) shows a typical experiment, the height
attained was s = 0.145 m. Figure 14(b) shows an
experiment in which the resetting actuators had been
prestretched before activating the jumping actuator,
so that they would only contribute to the mass of the
structure, but not absorb any energy. Hence a greater
jump height of s = 0.163 m was achieved. In this
case extensive internal vibration of the structure was
observed in the movie. The predicted and experimen-
tally observed jump heights are listed in Table 1.

Method Jump

Without Energy Analysis | 0.498 m

Resetting Dynamic Analysis | 0.111 m

Actuators Experiment 0.163 m

With Resetting | Energy Analysis | 0.186 m

Actuators Experiment 0.145 m
Table 1 Comparison of predicted and observed

jump heights

The electric current required to actuate the NiTi
springs must be commented upon. For the jump cycle
the rated current of 2 Amps was sufficient to trip the
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Fig. 14

Maximum jump heights.

structure. For the resetting cycle, a current of 2 Amps
was passed through both resetting actuators and took
the structure close to latching, to a configuration with
1 = 11.6°. Recall that in Figure 10 the minimum
required resetting force becomes higher than the NITi
spring force at approximately this value of . Hence,
the current was increased to 3 Amp for a short time,
to complete the reset cycle.

Discussion

It has been demonstrated that the proposed
asymmetrically-bistable monolithic jumping structure
behaves as designed and is capable of being remotely
tripped and reset by means of NiTi spring actuators.
One issue must be addressed: the discrepancies be-
tween predicted and actual jump heights.

The jump height prediction based on the assump-

tion that all of the energy difference between the two
stable states gets transformed into potential energy
considerably over-estimates the jump height observed
experimentally. In the case in which the resetting ac-
tuators are included, there is broad agreement with
the experimental; the remaining difference may be
readily explained in terms of additional energy losses
which were not included in the calculation. These
include non-instantaneous energy transfer, friction be-
tween the corner pieces and the ground during takeoff,
a horizontal component to the jump trajectory and
mass of the connecting wires (it may clearly be seen
that the crocodile clips connecting the structure to the
power supply are being lifted in Figure 14(a)).

As the energy balance approach is the same in
the two cases, it may seem surprising that the same
method works much better the latter case. A poten-
tial explanation may be found from close examination
of Figure 14. Due to the low-speed video camera used
there is inevitable blurring, but there is rather clear
evidence that in (b) there is internal motion which
is not present in (a). This indicates that in the case
where the resetting actuators are not present, a sig-
nificant amount of kinetic energy is lost as internal
dynamic oscillation. In the case where the actuators
are included, the dynamic behaviour of the structure is
altered such that a much reduced proportion of energy
is lost to internal resonance.

Conclusions

The proposed asymmetrically bistable structure,
consisting of pairs of tape springs and leaf springs,
has been shown to work well in practice and to agree
reasonably closely with the analysis. Most impor-
tantly, it demonstrates the possibility of a fully ac-
tuated bistable element, capable of doing useful work,
that could potentially be used as a structural com-
ponent in a binary robotic system. The monolithic
nature of the proposed structure, and thus the lack of
mechanical articulations and of any sliding parts, is a
distinct advantage over previous structures for binary
robotic systems.

NiTi springs have been shown to be suitable ac-
tuators for the purpose of cycling bistable elements
between the stable states. However, when this tech-
nology is more mature, it is expected that EPAM
actuators and nematic elastomers will be used instead.

It must be remembered that the ability of the struc-
ture to jump was intended simply as a demonstration
of the structure’s ability to do useful work. Ultimately,
it should be considered a structural element. The pro-
posed structure has two distinct disadvantages as a
structural element: first, its quadrilateral shape makes
it difficult to integrate it into conventional rigid struc-
tures; second, it has low shear stiffness in its lower
energy stable state. Both of these defects must be
taken into consideration when designing binary robotic
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systems based around this element. A potential de-
sign is shown in Figure 15. The shaded quadrilaterals
represent the bistable element, the circles represent
spherical joints, and the lines represent rigid rod ele-
ments. Research in this area is ongoing.

Fig. 15 Concept for binary robotic structure based
on an assembly of three asymmetrically-bistable
units.
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