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The dielectric elastomer minimum energy structure (DEMES) can realize large angular
deformations by a small voltage-induced strain of the dielectric elastomer (DE), so it is a suitable
candidate to make a rotary joint for a soft robot. However, the payload capacity of a DEMES joint
is small compared with other types of dielectric elastomer actuators. Stacking layers of pre-strained
DE thin films can increase the output torque of DEMES, but greater driving power will be needed,
limiting application in mobile or flying soft robots. In this paper, based on static analysis, a design
of DEMES is proposed that has larger torque than the traditional design with the same number of
layers of dielectric elastomer. As an experimental example, the torque of the film with the
improved design is larger than 1.7 times that of the traditional design. Experiments validate the the-
oretical analysis and demonstrate the improvement of DEMES output torque. © 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928629]

As a novel kind of actuator, the dielectric elastomer
(DE) demonstrates high-strain response,' high energy den-
sities (seventy times higher than conventional electromag-
netic actuators),” and high energy conversion efficiencies
(the peak theoretical value is 60%—90% (Ref. 3)). The
dielectric elastomer minimum energy structure (DEMES) is
a kind of DE actuator proposed by Kofod er al.* and has
attracted much attention.”® The simplified mechanism of
DEMES is shown in Figure 1. After adhering a pre-stretched
DE film to a thin elastic frame such as polyethylene tereph-
thalate (PET),7 acrylonitrile butadiene styrene (ABS),8 or
polyvinyl chloride (PVC),” the restoring force of the film
bends the elastic frame into a minimum energy state. When
kilovolts of low-current electricity are applied across the
dielectric elastomer, the frame flattens out and the bending
angle decreases. In this way, dynamically changing the volt-
age can dynamically and continuously alter the joint angle.
This shows much potential for flapping wings,' soft robotic
systems,'"'? and deployable microsatellite grippers.'?

There is also a restriction on output torque that limits
the application of DEMES. Compared with other DE actua-
tors, the payload capacity of a DEMES joint is small with a
single layer of DE film. If we stack layers of films to increase
the output torque of DEMES joint, the total capacitance of
the actuator will increase and will require greater power sup-
ply, limiting its application in mobile or flying robots. For a
DE flapping wing, experiments indicate that the response of
three layers of VHB™ 4910 is slower than that of two layers
(using an applied square wave voltage with 3-5kV ampli-
tude and the duty cycle of 0.5). Therefore, we should explore
a design to increase the output torque of DEMES with lim-
ited layers of DE films. To explore this design, static analysis
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should be carried out to investigate the characteristics of the
output torque.

A reference coordinate system is shown in Figure 2. The
origin O is placed at the centroid of the elliptical hollow
area. The z-axis is perpendicular to the plane of the frame.

As shown in Figure 2 (right), the edge of the film is in a
state of tensile stress F that creates a force component in the
z-direction. Consequently, the film warps like a saddle under
the force component F,. The natural morphology of the DE
film at the central elliptical hole of the frame is depicted in
Figure 3.

It can be speculated from the saddle surface morphology
that the gradient of this saddle surface at points M;_4 on
boundary ABCD is zero. The tension force on boundary
MAM, can be simplified to an equivalent composite force at
point A called F,. Similarly, the tension force on boundaries
M BM>, M>,CM3, and M3DM, can be simplified to equivalent
forces acting at points B, C, and D. By symmetry, the tension
force at point A equals that at point C, and the force at B
equals that at D. Force F| has a positive component along the
z-axis in the xz-plane. Force Fr has a negative component
along the z-axis in the yz-plane. The magnitude of the com-
ponent of F in the positive z-direction F,_, is greater than the
magnitude of the component of Fy in the negative z-direction
Fgr_, before the film buckled, because Fr_,=0. The result
causes the DE film to buckle upwards. F,_, is decreasing
while Fg_, is increasing with buckling upwards. The height
of the film buckle is determined when F,, and Fy_, reach
static equilibrium. The DE saddle on a DEMES is shown in
Figure 4.

To restrict frame bending to only one axis, the rigidity
of the non-bending edges was enhanced by mounting two
stiffening beams as shown in Ref. 14 and Figure 5, because
the DE film is biaxially prestretched to ensure sufficient

© 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4928629
http://dx.doi.org/10.1063/1.4928629
http://dx.doi.org/10.1063/1.4928629
mailto:zhaojianwen@hit.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4928629&domain=pdf&date_stamp=2015-08-14

063505-2 Zhao et al.

Designed axis

%)f the rotation

DE film

DE film
Frame
~
!
!
DE film fixed
Y A’z  toframe
A F DE film at
the hole
A D
al 4 o ¢ »- X
v N2
_ b

FIG. 3. Free body diagrams of the active DE saddle. (a) Representative forces
at the edges of the DE film saddle. (b) Equivalent forces at select points.

FIG. 4. Picture of DE saddle on a DEMES.
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FIG. 5. The DEMES rotary joint with semicircular stiffening elements.

voltage-induced strain and to avoid snap-through electrome-
chanical instability.

We define the parameters of the structure (see Fig. 5) in
Figure 6.
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FIG. 1. Deformation principle of the
DEMES rotary joint.

h
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FIG. 6. Parameters of the structure. /=total length, w=total width,
t=thickness of primary frame (exaggerated), p =thickness of stiffening
frame (exaggerated), ¢ = width of each stiffening frame, s = spacing between
the stiffening frame, and » =radius of each semicircle.

In Figure 6, the thicknesses of the primary frame, film,
and stiffening frame are greatly exaggerated to show the
structure more clearly.

The initial thickness of the DE film (VHB 4910) is
I mm, and after 400% biaxial prestrain the thickness has
changed to 40-50 um due to the incompressibility of the
elastomer. Because the dimension of parameters a and b is at
least 10 mm in the general application, the thickness of the
DE can be neglected when the static model is being estab-
lished. The simplified DE film and frame deformation are
shown in Figure 7. Let 0 be the joint bending angle, and in
the ideal situation, deformation of the DEMES would be as
shown in Figure 7.

The output torque can be described as

Toutpul - Tfilm 'f(Ufilm) - Tframea (1)

where T§,, is the bending torque of force F' on the frame,
T'trame 18 the restoring torque of the frame, and f'is a function
related to the voltage on the film Ug;yy, defined as

1 Ufiim =0
f(Usim) = (0,1) 0 < Ugyyy < Ue 2
0 U, < Usiim,

Primary frame

FIG. 7. Cross section of the DEMES in static equilibrium.
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FIG. 8. Comparison between the new and old DEMES. (a) The new struc-
ture. (b) The old structure.

where U, is a critical voltage that makes the stress in the film
disappear. If we ignore any rigidity of the DE film and defor-
mation of the stiffening frame, the relationship between
Ttame and the bending angle 6 can be obtained as Equation
(3), which is based on beam bending analysis.'> We have

)43

Ttame = W 9; (3)
where E is the Young’s modulus of the frame, and w, r, t,
and s have been defined in Figure 6. Therefore, to increase
Toutpur» We should increase Ty, resulting in a new structure
as shown in Figure 8.

The cross section in xOz plane and static equilibrium of
the DEMES are shown in Figure 9.

Let us choose the bending torque of section m-m to com-
pare to the torque of films Ty, and Tgjmo, the torque is with
regard to the middle point M within the section m-m, so it
can be calculated by Equations (4) and (5). The section m-m
and point M is shown in Figure 9.

The bending torque Ty, and T2 in section m-m can
be calculated as follows:

Triim1 = F1t; cosocl/2+F1rsinoc1, 4)
Ttiim2 = F2(l2/2 +p) cos oy + Forsinoy. (&)

Actually, in the general application, r is much larger than p,
so the influence of p to morphology of the film is negligible
with rough calculation. Thus, we can consider F'; =~ Fy, o) ~
oy and denote a specific value 4 by which to compare T
and Tg, in Equation (6). If we let oy = op = o while
t; = t, = t, then A can be calculated by the approximation

- Ttiim2 - Fz(lz/z +p)COS oy + Forsin oy
Fitycosoy /2 4+ Fyrsina

__r

t/2 +rtano’

)= =
Tiim1

~ 1+ (6)

According to Equation (6), Tfim2 > Tfim1, so the torque of the
film with the new structure is larger than that of the old, and 4

Film of new structure

Stiffening frame

Primary frame

Film of old
structure

mnoo >

FIG. 9. Cross section in xOz plane of the new and old structures.
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DEMES Tip

Force sensor

FIG. 10. The system to measure torque of the DEMES. (a) Measurement of
Toupui- (b) Measurement of Tame.

will increase with p because p does not influence o, while r is
much larger than p. On the other hand, it can be seen from
Figure 2 that the larger the bending angle 0, the larger that F,
and a will be, and the smaller 4 becomes in Equation (6).

To validate the above analysis and the improvement on
the output torque, the torques of a film with a new and an old
structure should be measured. A 400% biaxial pre-strain is
chosen with VHB 4910; thus the film can maintain at least
254% pre-strain at a 90° initial angle of the DEMES. The
254% pre-strain is calculated by Equation (7) with & = 4
from geometric analysis

- V2(1 4 &)l — 2l
m = 200 )

)

where ¢, is the maintained pre-strain, &y is the initial pre-
strain, and /y = 2r +s, r and s are defined in Figure 6.
&m = 254%, while &y = 400%.The primary frame is made of
laser-cut PET with a Young’s modulus of 6.08 GPa, and the
stiffening frame of the new structure is made of laser-cut pol-
ymethyl methacrylate (PMMA) with a Young’s modulus of
2.9 GPa. Specially, 400% biaxially pre-strained VHB 4910 is
attached to the PMMA before laser-cutting. Thus, the
PMMA can be glued to the primary frame. More fabrication
details can be seen in Ref. 16.

The measurements of output torque were conducted on
the system shown in Figure 10. Specifically, the miniature
load cells (MCTG100-1Kg) have three degrees of freedom
to ensure the tip remains perpendicular to the primary frame
and contacts at same point of the DEMES.

We tested three kinds of structures with an initial angle
of around 90° as shown in Table I.

To validate Equation (6), using the measurement results of
three structures shown in Table I, the flow diagram is as follow:

Step 1: Calculate the torques Ty, by Equations (1) and (2)
by measurement of Tame and Toyipye With Ugy, = 0.

Step 2: Calculate o by Equation (6) using the measurement
results Tgmq of Old-thick and Ty,y,» of New-thick.

TABLE I. Parameters of the three structures (unit: mm).

Number of the ~ Name of the

structures structures w P q t l s r
1 Old-thick 40 025 30 0.188 88 8 15
2 New-thick 49 1 3 0.188 8 8 15
3 Old-thin 57 025 30 0.125 8 8 15
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Step 3: Calculate the ratio 4, 3 between New-thick and
Old-thin by above « and Equation (6).

Step 4: Calculate the ratio Ae_» 3 by Tgj,, of New-thick and
Old-thin in step 1.

Step 5: Compare the theoretical ratio 4, 3 and the experi-
mental ratio A, »_3.

The experimental results of above parameters with dif-
ferent structures are shown in Figure 11, respectively.

Based on theoretical analysis, « will increase with angle
0 that has been validated by Figure 11(d); 4 will decrease
with angle 0 that has been validated by Figure 11(e). 4 > 1
indicates the increase of output torque of the DEMES with
the new structure. The relative error between /, and /., is
large because the DEMES is fabricated by handwork and the
repeatability is poor; on the other hand, the approximation in
Equation (6) will introduce error too.

In summary, the morphology of a DE film on a DEMES
is a saddle surface, and the output torque of the DEMES can
be improved by redesigning its structure. The thicker the
stiffening frame, the larger the output torque will be. As an

4 60
Bending angle @/deg
(b) The output torque with Ugjm=0

Appl. Phys. Lett. 107, 063505 (2015)

[-—0ld-thick |
-= New-thick
--0ld-thin

80

FIG. 11. Experimental results with dif-
ferent structures, single layer of VHB
4910.

|

40 60 80
Bending angle @/deg
(d) Variation of angle o

40 60 80

Bending angle §/deg
(f) Relative errors between A, and A,

example, the torque of the film with the new structure (pa-
rameters are shown is Table I) is larger than 1.7 times that of
the old structure. This new DEMES structure can be applied
to a rotary joint of a flapping wing or other soft mobile robot,
notably because the new DEMES structure will reduce
power requirements with same payload capacity.
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