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Introduction

Fabrication of Composite
and Sheet Metal Laminated
Bistable Jumping Mechanism

A layer-based manufacturing method using composite microstructures is widely used for
mesoscale robot fabrication. This fabrication method has enabled the development of a
lightweight and robust jumping robot, but there are limitations in relation to the embed-
ding of elastic components. In this paper, a fabrication method for embedding an elastic
component at an angled position is developed, extending the capability of the composite
microstructures. This method is then used to build an axial spring attached to the bistable
mechanism of a jumping robot. Sheet metal is used as an elastic component, which is
stamped after the layering and curing process, thereby changing the neutral position of
the spring. Two linear springs are designed to be in parallel with a joint to impose bist-
ability; thereby delivering two stable states. This bistable mechanism is triggered with a
shape memory alloy (SMA) coil spring actuator. A small-scale jumping mechanism is
then fabricated using this mechanism, it jumps when the snap-through of the bistable
mechanism occurs. A model of the stamped sheet metal spring is built based on a pseudo
rigid body model (PRBM) to estimate the spring performance, and a predictive sheet
metal bending model is also built to design the die for stamping. The experimental results
show that the stamped sheet metal spring stores 12.63 mJ of elastic energy, and that the
mechanism can jump to a height of 175 mm with an initial takeoff velocity of 1.93 mls.
[DOI: 10.1115/1.4029489]

the PDMS spring that is embedded into an etched silicon dioxide
structure. A flea-inspired jumping robot that uses a torque reversal

Jumping is an effective method used by small-scale robots to
overcome obstacles larger than their size. Most jumping robots
use catapult mechanisms to obtain sufficient momentum with lim-
ited actuator power. The various parts of a jumping robot, which
use the catapult mechanism, i.e., the legs, body, energy storage
spring, transmission, and actuator, are fabricated separately or
purchased “off the shelf” and used to assemble the robot [1-7].
However, these parts are extremely small and therefore the self-
assembly of a jumping robot is not very practical.

Small-scale jumping robots that use a simple integrative fabri-
cation process, i.e., a microelectromechanical systems (MEMS)
process or a smart composite microstructure (SCM) has been
developed. Bergbreiter developed a jumping microrobot with pol-
ydimethylsiloxane (PDMS) as the elastic component [8]. For
jumping, Chevron actuators are used to linearly pull and release
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mechanism has also been developed using an SCM based process
[9,10]. The moving components are laminated into one piece with a
composite of glass fiber and polyimide (PI) while the energy stor-
age elements and actuators (the SMA coil springs) are attached by
manual soldering. In addition, a simplified torque reversal mecha-
nism has been developed that reduced the number of required
actuators [11]. Beam patterned composite is used as a bending
spring for passive triggering and energy storage, and a single SMA
coil spring actuator is used to bend the beam patterned composite,
which reverses the torque and creates the momentum for jumping.

However, the current integrative mode of fabrication has limita-
tions in relation to embedding various types of elastic components
(such as axial springs and rotational springs) at a desired position
and angle. Unlike body parts that can be designed in 2D and then
folded to a 3D shape [12,13], springs designed in 2D cannot be
simply folded into a 3D shape; in a patterned beam spring, the
neutral position of a spring will always be flat.

To embed the elastic components for various mechanisms, it is
necessary to control the spring’s neutral position, and two
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methods can be used for controlling the neutral position. The first
method uses a laminated elastic sheet component that is pre-
loaded. Because it is preloaded, the laminated structure with mov-
ing joints naturally rotates to a stable position. The other method
uses memorizing of the neutral position after the curing process.
The former method requires a stretchable sheet material that can
be laminated in a stretched state. However, embedding a stretched
sheet can induce misalignment or a delamination problem during
lamination. If the neutral position can be changed after the curing
process, problems related to the preload can then be solved.
Therefore, the latter is suitable for SCM. This method requires
some sheet materials that can sustain the deformed shape, such as
the sheet metal.

In this paper, a fabrication method for embedding an elastic
component at an angled position is developed, extending the capa-
bility of the composite microstructures. This method is then used
to build a linear spring attached to the bistable mechanism of a
jumping mechanism. Sheet metal is used as an elastic component,
and this is stamped after the layering and the curing process,
thereby changing the neutral position of the spring. Extra joints at
both ends of the stamped sheet spring enable it to function as an
axial spring. Two axial springs are designed to be in parallel to a
joint, which imposes bistability, thereby enabling two stable
states. These springs store a large amount of energy, which is
released for jumping when triggered with a SMA coil spring actu-
ator. A small-scale jumping mechanism is then fabricated using
this mechanism, which jumps when the snap-through of the bista-
ble mechanism occurs. A model of the stamped sheet metal spring
is built based on a PRBM and used to estimate the spring perform-
ance. In addition, a predictive sheet metal bending model is also
built to find design of the die for stamping. The experimental
results show that the stamped sheet metal spring stores 12.63 mlJ

of elastic energy and the mechanism can jump to a height of
175 mm with a takeoff velocity of 1.93 m/s.

Conceptual Design

Elastic components are essential in a jumping mechanism as
they store the elastic energy used to jump. Energy generated by an
actuator is gradually stored as elastic energy in a spring, which
when triggered instantly releases the stored energy and enables
jumping. This section presents a design concept that uses a bista-
ble mechanism for jumping and includes a new fabrication
method for embedding a spring into the bistable mechanism.

Design of the Bistable Jumping Mechanism. The bistable
structure is shown in Fig. 1(a). It consists of two rigid links and
one axial spring. The two rigid links are connected to each other
by a rotational joint, and the axial spring is connected between the
rigid links. By unfolding the rigid links, the axial spring is
stretched, thereby increasing the total structural energy. The links
are rotated until the axial spring passes through the rotational
joint, and at this point, the direction of the moment induced from
the axial spring changes rapidly, causing snap-through. With
respect to energy, this means that the structural energy of this state
overcomes the threshold energy. After passing this snap-through
point, the rigid links fold and the elastic energy is released until
the mechanism reaches another stable shape (Fig. 1(b)).

The actuating method of this bistable structure is shown in
Fig. 2. Two additional triggering beams are connected to the ends
of the bistable structure with rotational springs, and SMA coil
spring actuators are attached to each tip of the triggering beam, as
shown in Fig. 2(a). The SMA coil spring shrinks, and the trigger-
ing beams then start to rotate (as shown in Fig. 2(»)). Continuous

unstable
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joint Rigid links > -
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shape of the bistable structure.
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(a) Simple bistable structure. (b) Conceptual graph of elastic energy in relation to the
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Fig. 2 Conceptual design of the bistable jumping mechanism and schematic drawing of bistable structure

actuation
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rotation of the triggering beams increases the length of the moment
arm (Fig. 2(c)). The bistable structure then starts to unfold, thereby
storing the elastic energy in the axial spring, and the SMA coil
spring shrinks until the axial spring passes the snap-through point
(Fig. 2(d)). After passing the snap-through point, the direction of
the moment induced by the axial spring changes (Fig. 2(e)). In this
phase, the elastic energy stored in the elastic components (two rota-
tional springs and the axial spring) releases simultaneously, causing
the mechanism to jump. The energy releasing process continues
until the structure becomes stable (Fig. 2(f)).

Energy stored in the bistable mechanism is determined by the
sum of elastic energy stored in the two rotational springs and one
axial spring. The structural energy in the bistable structure is
determined by the threshold energy. The threshold energy is deter-
mined by the axial spring. As the stiffness of the axial spring
increases, the energy to achieve snap-through also increases,
which increases the total stored energy in the bistable structure.

Stamped Sheet Metal Spring Used in Composite Laminated
Fabrication. This section presents the integrative structure of the
spring component using a stamped sheet metal spring. SCM proc-
esses [14] have generally been used in small-scale structures
[15-19]. Glass or carbon fiber composites are patterned as the
rigid links, and the PI film acts as a rotational joint. However, the
current SCM process is limited in relation to embedding useful
elastic components, and currently only a patterned composite
beam bending spring exists. Therefore, the problem is that the
neutral position of the spring lies in a flat position, which limits
the design as various mechanisms require the spring’s neutral
position to be at an angled position. To solve this problem, we
developed a method of changing the neutral position by stamping,
which plastically deforms the sheet metal (the fabricated structure

polyimide film  sheet metal composite
L n 0N )
Y Y Y
Rigid part Elastic part Rigid part

C))

\

(b)

(c)

Fig. 3 (a) SCM process with sheet metal, (b) rotational spring
with stamped sheet metal, and (¢) axial spring with stamped
sheet metal
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is schematically shown in Fig. 3(a)). The sheet metal partly repla-
ces the PI film, which is normally used as joints, and takes the
role of both rotational spring and axial spring, according to the
arrangement and post stamping process. The sheet metal acting as
rotational spring is shown in Fig. 3(b). It can be made by replacing
the PI joint and stamping the sheet metal to attain the desired neutral
position. The stiffness of the rotational spring is determined by the
shape parameters and material properties of the stamped sheet metal.

As shown in Fig. 3(c), the structure acting as an axial spring
has three joints. One metal sheet is situated in the middle of the
structure and two freely rotating PI film joints are located on both
sides. To obtain axial elasticity, the sheet metal is bent by stamp-
ing to attain a shrunken neutral position. This stamped sheet metal
can then move (in the direction of the arrow indicated in
Fig. 3(c)), allowing the PI joints to freely rotate. Stiffness of the
axial spring is determined by the shape parameters and material
properties of the sheet metal.

The bistable jumping mechanism consists of a body with one
axial spring, two rotational springs on both sides, and one SMA
coil spring actuator for the trigger, as shown in Fig. 4. The mecha-
nism is the same as that described in Fig. 2.

Simplified Spring Stiffness Design for Stamped
Sheet Metal

The stamped sheet metal spring for an axial spring is the key
component for the bistable jumping mechanism since the axial
spring determines the threshold energy and the total structural
energy. To design the stamped sheet metal spring having desired
threshold energy, following spring geometric dimensions are con-
sidered: L is the total length of the unstamped sheet metal spring,
L. is the length of the structure clamping the metal sheet, Dy cytral
is the length of the stamped sheet metal spring’s neutral position,
Dnax 1s the maximum deflected length of the spring, and Eoreq 1S
the stored elastic energy at D.x.

D eurals Dmaxs L, and L. are shown in Fig. 5 and determined at
the beginning of the design process for the jumping mechanism.
To predict Egeq in the desired mechanism design, it is necessary

aL
\ Axial spring /

Rotational spring

Fig. 4 Implementation of the conceptual bistable jumping
mechanism using stamped sheet metal

L L L,

Dneutral

Dmax

Fig. 5 Parameters of the sheet metal spring
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to model the stamped sheet metal. In general, large deflection
analysis based on solid mechanics delivers reasonably quite accu-
rate results; however, it requires high computational costs. In this
study, the PRBM is adopted as a modeling method, as this deliv-
ers a simple and efficient prediction of the sheet metal spring
model [20].

Modeling of Stamped Sheet Metal. The model is divided into
three regions: two cantilever beams (/) and one curved beam (2/;)
which consist of rigid links and torsional springs (as shown in Fig. 6).
Force and moment are applied at the end of each beam. As the applied
moment in a beam creates a curvature in the beam, each beam can be
represented by an initially curved beam with a force [20].

Figure 7 shows the PRBM of the end moment loading. The
modeling parameters are the characteristic radius factor (y) and
the parametric angle coefficient of the moment loading (cg ).
According to the shape of the beam, the values of y and ¢y,
varies. However, they hardly vary over a large range of the curved
beam’s shape. Therefore, the values of y and ¢y, can be approxi-
mated to the constant average value (y~0.83, ¢y, ~ 1.64) [20],
and the torsional spring constant K, omen 1S approximately calcu-
lated using the following equation:

EI EI
Kinoment = Com T ~ 1647

b; b (D
Hi = _— ~ —_—
atan (ai (1 «,v)> atan (ai - 0.171)
q’)m = CO,m(G)i =+ Gm) ~ 164(@1 + Hm)

Figure 8 shows the PRBM of the force loading on the curved
beam by the moment. The additional modeling parameters are the
parametric angle coefficient for force loading (cgy) and the stiff-
ness coefficient (Ky). Although the value of ¢, varies according

cantilever beam

torsional spring
N\\.curved beam l

kz‘7 Y‘k

l i
< 2 ki ! key A
A ©
21 — Yl
! a-»y

(a) (b)

Fig. 6 (a) Model of stamped sheet metal. (b) Simplified model
including rigid links and torsional springs.
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by beam end ~~ _

2 > ;T\(bm

N
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\

b
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T (radius = R)
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(- N

Fig. 7 PRBM of the end moment loading
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Fig. 8 Pseudo rigid model of the force loading on the curved
beam by the moment

to the direction of the force applied to the beam, it hardly varies
over a large range of force angle. Similar to the case of moment
loading, the value of ¢y ¢ can be approximated to the constant aver-
age value (cpr~1.228), and Ky can be approximated to my
(x2.67) [20]. Then, the beam tip’s direction (0,.) and the tor-
sional spring constant Ky, is therefore approximately calculated
using the following equation:

EI
l @)
Oottset = o405 + ¢y = co0r + Com (O + Oy)

EI
Kiorce = VKGT ~2.16

As shown in Fig. 9, the half side of the axial spring in the bista-
ble jumping mechanism can be simplified with two torsional
springs and links by utilizing Egs. (1) and (2). The variables 6;
and 0, are

3)

01 =01m~+ 01
0y = Oy + Oa¢

where 0;,, is deformed angle by moment loading, and 0,¢ is
deformed angle by force loading in the ith beam. The moment
equilibrium equations induced by the moment and the force can
be represented as follows:

. El
Fx ("/'11 Sln(®l.i - 91)) = VKOK X 01,f

EI
M, :Fh] = Cg’ml_ X (')1,,,,
1

4)
hy = ((1 =)L sin(0; offser) + 72 Sin(0) ofrser — 02)
+ Lc Sin(el.offset - 027offset))
. EI
F x (ply sin(0, ofrer — 02)) = “/K()z X Oy

EI

My =Fhy = com o 0rm ©)
)

hy = L sin(01 oftset — 02 offset)
These equations are solved using MATLAB, and 0 ,, 0y, Oz,

and 0,y are determined according to the applied force. The
displacement is given as

Transactions of the ASME

Downloaded From: http://mechanismsr obotics.asmedigitalcollection.asme.or g/ on 03/19/2015 Terms of Use: http://asme.or g/terms



Fig. 9 Simplified model of the half side of an axial spring in
the bistable jumping mechanism

: : H Omax < Oyield
0075} ; (elastic region)

05 1 15 2 25 3 35 4 45 5

R (mm)

Fig. 10 Graphical representation of the combination of R and

T in elastic region (W=5mm, Dpeytrai=25.6mm, Dpax
=30.8mm, L =22mm, L, =9.5mm)
D =2{(1 =)y + i cos(O1; — 01) + (1 — 7)]> cos(01 oftset)

+ 7yl cos(01 oftser — 02) + Le sin(01 oftser — 02 offset) (6)

Stamped Sheet Metal Design. When designing the stamped
sheet metal, deflection of the sheet metal needs to be limited in
the elastic range (Omax < Oyieia)- We consider two parameters for
designing available stamped sheet metal springs: T being the
thickness of sheet metal, and R being the stamped radius of sheet
metal.

Journal of Mechanisms and Robotics

The maximum stress (0,,,«) s defined as Ref. [19]

M F(plysin(®; — 0
Jmax:le“’ (ph 1(11, 1))y

F
+3 )

where y is the distance from the neutral line to the outer surface of
the beam. To simplify the analysis, the neutral line is set as the
middle line of the beam. The elastic region is therefore repre-
sented as follows:

T . 1
Omax — F(a (hl + pll Slrl(®l,i - 01)) +Z> < Oyield (8)

Available combinations of R and T for the designed mechanism
can be obtained by using Eq. (8). Figure 10 shows the available
combination of R and 7. In addition, to evaluate effect of R and T
to the stored elastic energy (Egoreq), the force—displacement rela-
tionship of the stamped sheet metal spring model is presented in
Fig. 11. In Fig. 11(a), the stiffness of the sheet metal spring did
not change much with the change of the radius. On the other hand,
as the thickness increased, the stiffness of sheet metal spring and
the stored energy largely increased in Fig. 11(b).

Predictive Sheet Metal Bending Model

The bistable jumping mechanism is fabricated using the inte-
grative SCM process and a layer of sheet metal as shown in
Fig. 12. After the curing process, the sheet of metal is bent using
the stamping method to alter the neutral position. However, mak-
ing the desired shape of sheet metal spring by stamping is not
easy because of the “springback” phenomenon. It causes a differ-
ence between the stamped shape of the sheet metal and the shape
of the stamping die. To determine the required shape of the die
that will deliver the sheet metal’s desired state, a predictive sheet
metal model is developed in this section.

One of the most common bending methods used to bend a piece
of a sheet metal is wiping die bending, also known as edge bend-
ing (Fig. 13). The shape parameters are the edge radius of the die
and its angle. The pad and die hold the sheet metal and the flange
then slides down along the pad and pushes the sheet metal (which
protrudes from the pad and the die). Although the released sheet
metal is bent after unloading, it does not have the same shape of
the die because of the springback phenomenon [22].

A schematic diagram of the springback phenomonen is shown
in Fig. 14. The springback parameters are: 7, the thickness of the
sheet metal; R;, the initial loading bending radius (edge radius of
die); Oinitiar, the initial loading bending angle (edge angle of die);
Ry, the final bended inner radius of the sheet metal after being
unloaded; R, the final bended neutral radius of the sheet metal
(R =Rs+T/2); and Ogpa, the final bended angle of the sheet metal
after being unloaded.

Elastic recovery changes the initial parameters to the final
parameters after stamping; Ry is larger than R;, and 0g,, is smaller
than 0;,;;.. To obtain the desired final shape of the sheet from the
initial die’s shape parameters, it is thus necessary to develop a
predictive model of the amount of springback that will occur.
Since the length of the neutral lines is constant, we get

T T
Ln = Ri ~ | Vinitial = R - inal
( +2)9tl (f+2)9f I 9)
T
Ri+= .

2 final
K, = =— 10
‘ R Oinitial 1o

The springback factor (K) is a material property known to be
the function of Ry/T [22]. The springback factors are obtained by
switching the dies having various shape parameters by experi-
ments as shown in Fig. 15.

To obtain the desired shape of the sheet metal, the die’s shape
parameters (R; and 0;,;;,) can be determined as follows:
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Fig. 11 The force—deflection relationship of the stamped sheet metal spring model (w=5mm,
Dheutral = 25.6 mm, Dy ax = 30.8 mm, L =22 mm, L. = 9.5 mm); (a) when R varies with constant T (= 0.08 mm) and
(b) when T varies with constant R (=1 mm)

2=
=% %>

S o7 =S4 adhesive fim

Fig. 12 Fabrication process of bistable jumping mechanism with the spring integrative SCM process using stamping the
sheet metal

Fig. 13 Wiping die bending method
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Fig. 14 Schematic diagram of springback phenomonen
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Fig. 15 Experimental results of the springback factor versus
RIT

known Riinal, Ofinat — find R;, Oinigial

R, Re 1 R
L = — A:— - = —
et x T T+2 T
L]
*T5 R 1
K(x) = AZ@?KS(X)—;C—E

R 1
~ 7 (-0.0169x +037981) —x—2=0 (1)
x can be found
1
SR =T, Ohigal = (m) Ofinal (12)

Meanwhile, D, cuira gives the value of Opna (Dpeutral = 2(Rsin
(Ogna/2) + (L-ROgna)/24Lc)cos(Opna/2)), and the maximum
bending angle, 0iiia1, is limited to 180deg in current stamping
method. The boundary condition is therefore obtained as follow-
ing equation:

1
(m) Otinal = Oinitiat < 7 < Ofipar < 7K(x)

zg(—0.0169x+0.7981) (13)

By using Egs. (11) and (13), the available value of R, T, and
D peutral €an be determined.

Results

Experiments and simulations are conducted to verify the predic-
tive sheet metal bending model and the simplified stamped sheet
metal spring model. In addition, the fabrication result is presented
and a jumping test is performed to demonstrate the capabilities of
the bistable jumping mechanism.

Journal of Mechanisms and Robotics

0.09

Omax = ayiel(l
(plasticregion)

Ofina > WK (x)

0075 Omax < Oyield

(infeasible region)

afinal < ITKS(X)

0% o o8 1 12z 14 16 18 2
R (mm)

Fig. 16 Graphical representation of the available combination
of R and T and the position of the specimen (w=5mm, D,eytral
=25.6 mm, Do = 30.8 mm, L =22 mm, L. =9.5mm)

Comparison Between Sheet Metal Spring Model and
Experimental Result. The neutral position of the stamped metal
sheet spring (SUS 304) was designed as 25.6 mm and the maxi-
mum deflection was 30.8 mm. In addition, the length of the speci-
men was 41 mm (L =22 mm and L.=9.5 mm), and the width (w)
was 5Smm. The available combination of R and T was obtained as
shown in Fig. 10. In addition, the designed specimen should be in
the available region determined by Eq. (13). Finally, R and T were
determined as R =0.74 mm and 7 = 0.08 mm as shown in Fig. 16.

To obtain the designed sheet metal spring specimen, the die’s
shape parameters were determined by Eq. (12), and then R; and
Oinitia1 Were calculated as 0.5 mm and 2.618 rad. The specimen was
stamped by wiping bending die, and then the bent specimen
achieved parameters of R=0.74mm and 0Og,, =1.752. The
achieved specimen’s neutral position had slight difference com-
pared to the designed specimen’s neutral position with an error of
3.5%.

Figure 17 shows the force—displacement relationship of the
spring model and the experimental results. The experiment was
conducted by changing the displacement and measuring the force.
As shown in Fig. 17, the model tends to follow the experimental
results. Stored energy of the model and the fabricated specimen
were 0.133 mJ and 0.119 mlJ, respectively. The amount of differ-
ence in stored energy was 0.014 mJ. Geometric dimensions and
parameters of the specimen are given in Table 1.

L] T
0.09-1 — : spring model
0.08-.| — : experiment result

0.07
0.06
0.05

F(N)

0.04
0.03

0.02

0.01

%

Fig. 17 Comparison between simplified force—deflection
model and experimental results
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Table 1 Specification of the specimen

Geometric dimensions

Dneulral 26.5 mm

D ax 30.8 mm
ADax 4.3 mm
L 22 mm

L. 9.5 mm
w 5 mm

Parameters

T 0.08 mm

R 0.74 mm
Ofinal 1.752

Eelaslic
0.133 mJ 0.119 mJ
(Spring model) (Experimental)

Fabrication Results. The bistable jumping mechanism was fab-
ricated using laser machining, laminating, curing, and stamping.
The glass fiber composites, PI film, and the sheet metal were pat-
terned to act as the rigid links, the rotational joints, and elastic com-
ponents, respectively. In the mechanism structure design process,
sheet metal spring’s geometric dimensions are considered as:
Dieutrar = 15.7mm, D0 = 17.2mm, L= 15mm, and L, = 1.5 mm.

Sheet metal with a thickness of 0.08 mm was used as the axial
spring component and was stamped to achieve a radius of 2.6 mm
and an angle (fg,,) of 1.082. For triggering beam, sheet metal
with a thickness of 0.1 mm was used as the rotational spring com-
ponent. After fabricating the integrative mechanism’s structure,
an IR receiver module and battery were added for wireless control
as shown in Fig. 18. The prototype has two stable shapes and a

Fig. 18 Fabrication results of the bistable jumping mechanism

021010-8 / Vol. 7, MAY 2015

mass of 2.32 g (a main frame mass of 0.43 g and electrical device
mass of about 1.9 g). When unfolded, the main body has a width
of 51 mm width and a length of 22mm. The spring integrative
body frame has a mass of 0.43 g, width of 51 mm, and length of
16 mm without the electronics.

The SMA coil spring (Dynalloy Co., Irvine, CA) was clamped
onto the glass fiber composite body as an actuator [23]. The SMA
coil spring was designed based on the conventional spring equa-
tion (F = (Gd'/8D’N)d) and has the stiffness of 110.9 N/m in aus-
tenite phase. Specifications of the bistable jumping mechanism
and dimensions of the SMA coil spring are given in Table 2.

Jumping Performance. The SMA coil spring has 1.5 Q of
electric resistance, and 0.67 A flows through the SMA coil spring
for 3.6s (2400 mlJ). The bistable jumping mechanism took off
within 2ms as shown in Fig. 19, with a velocity of 1.93 m/s. Ki-
netic energy was computed as 4.34 mJ. Theoretically, the jumping
height of the mechanism was 191 mm without consideration of air
drag. However, in the experiments, the jumping height was shown
to be actually 175 mm due to air drag, as shown in Fig. 20.

Energy induced from the SMA coil spring is stored in the sheet
metal as elastic energy. After snap-through, the elastic energy is
converted into kinetic energy, and finally kinetic energy is con-
verted into potential energy. To evaluate the conversion efficiency
showing the ratio of kinetic energy to initially stored energy, the
amount of energy in each step was computed.

The SMA coil spring originally shrinks from 25.6mm to
5.2mm (23.05 mJ) when actuated. However, the mechanism can-
not fully use the stored energy in the actuator since the SMA coil
spring still shrinks while the mechanism takes off. At the instance
of take-off, the length of SMA coil spring is 18.32mm. This
means that only 13.51 mJ is transferred to the mechanism from
the SMA coil spring.

The elastic energy stored in the sheet metal springs was calcu-
lated by using simplified spring model. The unstamped rotational

Table2 Specifications of the bistable jumping mechanism

Axial sheet metal spring (stamped component)

D, neutral 15.7 mm
Dax 17.2 mm
AD ax 1.5 mm
L 15 mm
L. 1.5 mm
w 4 mm
T 0.08 mm
R 2.6 mm
Eelastic 0.79 mJ
Rotational sheet metal spring (unstamped component)
D, neutral 8 mm
L 8 mm
w 4 mm
T 0.1 mm
Mechanism body frame (with electrical device)
Width 51 mm
Length 16 mm (22 mm with electronics)
Weight 0.43 g (2.32 g with electronics)
SMA coil spring actuator
Wire diameter (d) 250 um
Coil diameter (D) 1.76 mm
Coil number (N) 13.5
Theoretical spring constant (k) (actuation) 121.11 N/m
Measured spring constant (k) (actuation) 110.9 N/m
Initial length 25.6 mm
Final length 5.2 mm
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Fig. 19 Sequential high-speed images of bistable jumping mechanism at takeoff

Fig. 20 Jumping trajectory of bistable jumping mechanism

Table 3 Energy and conversion rate in the bistable jumping
mechanism

Energy (mechanical) Conversion rate

Stored in SMA 23.05 mJ
coil spring 58.6%
Used for 13.51 mJ
jumping 93.5%
Stored in 12.63 mJ
sheet metal Rotational spring: 11.84 mJ

Axial spring: 0.79 mJ 34.4%
Kinetic 4.34 mJ 91.6%
Potential 3.98 mJ
The total conversion efficiency: 17.3%

sheet metal spring was deformed from Odeg to 41.5 deg, and the
stiffness was calculated as Eq. (2). Therefore, the stored elastic
energy in each rotational spring was 5.92 mJ. In the case of the
stamped axial sheet metal spring, it extended from initial neutral
position, 15.7 mm, to maximum deflected position, 17.2 mm, and
the stored energy in each axial spring was calculated as 0.4 mJ.

58.6% of the energy stored in SMA coil spring was used for
jumping and 93.5% of used SMA elastic energy was transferred to
the sheet metal springs. After snap-through, elastic energy was
instantly released and converted to a translational kinetic energy
of 4.34 m]J.

Finally, 34.4% of the energy stored in the elastic components
was converted to translational kinetic energy. The loss occurs
because of vibration and premature jumping. Therefore, the me-
chanical conversion efficiency of the jumping mechanism was
given as 17.3%. Details are given in Table 3.

Journal of Mechanisms and Robotics

Conclusion

We proposed a novel fabrication method by using embedded
sheet metal in the current method of layer-based manufacturing.
The laminated sheet metal is partially bent for changing the neu-
tral position by a stamping process, and the stamped sheet metal
spring was simply modeled using PRBM. Based on the model, it
is possible to design a sheet metal spring with the desired specifi-
cations. The designed sheet metal was applied to a small-scale
bistable jumping mechanism, and the performance was demon-
strated in jumping tests. The fabricated mechanism weighed
only 2.3 g (including electronics), had a width of 5.1 mm, and a
length of 22mm. It is able to take off at a vertical speed of
1.93m/s, contains 12.63 mJ of elastic energy, and can jump
175 mm in height.

In the future, the optimization between the rotational sheet
metal spring and the stamped axial sheet metal springs is required
to maximize the storable energy. Also self-righting mechanism
should be developed for rejumping. Since the force—displacement
relation of the stamped sheet metal varies depending on the radius
and the angle of the die, more experiments are required while
varying the die parameters. Furthermore, by increasing the num-
ber of nodes of stamped sheet metal, it is considered that a better
performance may be obtained.
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