Zhang et al. Chin. J. Mech. Eng. (2020) 33:75
https://doi.org/10.1186/510033-020-00490-y

Chinese Journal of Mechanical
Engineering

ORIGINAL ARTICLE Open Access

A Stiffness Variable Passive Compliance

=

Check for
updates

Device with Reconfigurable Elastic Inner
Skeleton and Origami Shell

Zhuang Zhang'?, Genliang Chen'?", Weicheng Fan', Wei Yan', Lingyu Kong® and Hao Wang'~

Abstract

Devices with variable stiffness are drawing more and more attention with the growing interests of human-robot
interaction, wearable robotics, rehabilitation robotics, etc. In this paper, the authors report on the design, analysis and
experiments of a stiffness variable passive compliant device whose structure is a combination of a reconfigurable
elastic inner skeleton and an origami shell. The main concept of the reconfigurable skeleton is to have two elastic
trapezoid four-bar linkages arranged in orthogonal. The stiffness variation generates from the passive deflection of the
elastic limbs and is realized by actively switching the arrangement of the leaf springs and the passive joints in a fast,
simple and straightforward manner. The kinetostatics and the compliance of the device are analyzed based on an effi-
cient approach to the large deflection problem of the elastic links. A prototype is fabricated to conduct experiments
for the assessment of the proposed concept. The results show that the prototype possesses relatively low stiffness
under the compliant status and high stiffness under the stiff status with a status switching speed around 80 ms.
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1 Introduction

Human-Robot Interaction is one of the most challeng-
ing and popular research topics in robotics [1]. Mean-
while, for an effective interaction, the safety of human
is of importance. Cartesian compliance [2] can ensure
the safety of both robot manipulators and human when
contact force arises from position misalignment or hard
collision [3]. In general, there are mainly two methods
to protect both the manipulators and human from being
damaged by unexpected interaction, namely the active
and the passive compliance [4].

The active compliance is to manipulate robot with
totally stiff actuators and obtain compliance by means
of control [5]. Such kind of compliance requires force
sensing units to provide force information to the con-
troller [6]. However, if there is something wrong with
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the sensors or the controllers, the manipulator will thor-
oughly lose its compliance and will not be able to ensure
safety [7]. Another way to attain compliance is integrat-
ing flexible structures into the manipulators, which is
referred to as passive compliance [8]. Such kind of com-
pliance provides more reliable protection which is irrel-
evant to the control algorithm [9], thanks to its inherent
flexible structure. The passive compliance can be
obtained by setting compliant device between the manip-
ulator and environment [10-14] or integrating the com-
pliant joints inside the manipulator [15-18]. However,
the integration of compliant elements will lead to degra-
dation of position accuracy. Besides, the structural com-
pliance also brings challenges in resisting disturbances or
maintaining shapes under intense inertia, which will limit
the performance of the manipulators under high accel-
eration [19].

To this end, various designs of passive variable stiff-
ness joints/devices have been proposed. One of them is
structure controlled stiffness (SCS) that means achiev-
ing variations through changing the effective structure of
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the spring. The core advantage of SCS is that completely
stiff setting is possible to realize. As a consequence, SCS
is more appropriate than other designs when precise
positioning or high acceleration is needed. Changing the
moment of inertia is one of the feasible methods to vary
the effective structure. Kawamura et al. [20] used vacuum
to press some layered sheets together. The moment of
inertia changes along with the variation of the effective
cross-sectional area. Such method of stiffness variation
has been widely used in soft grippers and manipula-
tors due to its simple structure and control strategy [19,
21-23]. Another way to change the effective structure is
controlling the effective length of the spring. Choi et al.
[18] designed a variable stiffness joint which consisted of
four-bar linkages, leaf springs and two identical actua-
tors. Controlling the four-bar linkages on the two sides
identically, the effective lengths of the springs could be
changed. Tao et al. [24] proposed a variable stiffness joint
with similar principle. Only one leaf spring was used and
the effective length was changed by rollers and a screw.
Bi et al. [25] presented a concept of parallel-assembled-
folded serial leaf springs. The lengths of the springs were
also controlled by rollers and a ball screw.

Among the existing designs of SCS that can provide
tunable passive compliance, most of them were compli-
ant joints. The stiffness varies along with the tuning of
the length or thickness of the spring. Thus, the elements
to control the effective structure of the springs are indis-
pensable, which makes the structure of the joints com-
plicated and hard to integrate inside the robots under
some specific applications. Moreover, most of the designs
utilize electrical motors to control stiffness. The motors
generally need to apply torque to keep a constant stift-
ness, which is energy inefficient. In addition, the motors
introduce relatively high weights and is not suitable for
extreme environments.

To alleviate the above shortcomings, in this paper, a
novel design of a stiffness variable passive compliance
device with combined structure of reconfigurable elastic
inner skeleton and origami shell is proposed. The pro-
posed device can be used as an end-of-arm tool with two
different modes generated from changing the arrange-
ment of the elastic links and the passive joints. Apart
from providing passive compliance, the device can switch
to the stiff status for applications with high acceleration/
deceleration or precise positioning. With a Si-Mo (single
input multiple output) pneumatic actuation system, the
four limbs of the inner skeleton can switch their modes
simultaneously and the stiffness of the device can be
changed in a fast, simple and straightforward manner. No
electrical elements needs to be mounted on the device,
which means the device has potential applications in
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some extreme environments. The kinetostatics and the
compliance of the device are analyzed based on an effi-
cient approach to large deflection problems [26, 27]. A
prototype was built, on which experimental assessments
of the stiffness changing capabilities were conducted.

The paper is arranged as follows: Section 2 introduces
the concept of the stiffness variation of the device. Sec-
tion 3 provides a detailed description of the mechani-
cal design and the fabrication method. The theoretical
model and the compliance of the device are analyzed in
Section 4, followed in Section 5 by experimental assess-
ments on the fabricated prototype. Finally, conclusions
are drawn in Section 6.

2 Concept of the Stiffness Variation

The structure of the proposed passive compliance device
with variable stiffness can be divided into three parts: the
reconfigurable elastic inner skeleton, the origami shell,
and the Si-Mo pneumatic actuation system, as shown
in Figure 1. Among these parts, the reconfigurable elas-
tic inner skeleton is the core component from which the
passive compliance and the variable stiffness generate.

2.1 Reconfigurable Elastic Inner Skeleton
The main concept of the reconfigurable [28-30] elastic
inner skeleton is to have two trapezoid four-bar linkages
arranged in orthogonal. As shown in Figure 1, each trap-
ezoid consists of two rigid limbs (AD/ad, BC/bc) and two
elastic limbs (AB/ab, DC/dc). The rigid limbs are mount-
ing side and tool side of the device, respectively. There
are four elastic limbs in the device while each elastic limb
consists of two universal joints and a leaf spring. The
motion of each trapezoid four-bar linkage is totally pas-
sive and the only active motion inside the device is the
self-rotation of the leaf springs. Under the actuation of
the Si-Mo pneumatic actuation system, the leaf springs
of the four elastic limbs are able to rotate 90° simultane-
ously. Figure 2 illustrates the statuses of the device before
and after 90° rotation, respectively.

The leaf spring in each elastic limb plays an impor-
tant role in the stiffness variation. Considering the small
deflection beam equation

M H 0
(7)) W

where M is the bending moment, E is the material mod-
ulus, / is the moment of inertia, L is the effective beam
length, and 6 is the angle of bending or slope.

In this representation of bending, the term EI/L relates
to the bending stiffness of the leaf spring. In order to
change the stiffness of the beam, one of the most effective
way is to change the parameter [ that can be calculated as
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Figure 1 Structure of the proposed variable stiffness device

Figure 2 Two different statuses of the inner skeleton
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where the parameter L, denotes the width of the surface
perpendicular to the bending direction, and L, denotes
the other.

It can be seen that if L, and L, exchange with each
other, the moment of inertia will be changed. As to the
leaf spring, there is a big difference between its width
and its thickness. The moment of inertia differs a lot in
the two bending directions, so that the stiffness of the
leaf spring in the two directions are totally different. By
means of such feature, the leaf springs in the proposed
device are designed to have the capacity of 90° self-rota-
tion. Along with the stiffness variation of the leaf springs
on the specific directions, the constraints on the tool side
can be changed through combining the elastic springs
with the passive rigid joints appropriately.

2.2 Stiff Status of the Device

Compared with the width, the thickness of the leaf spring
is much smaller. Thus, it's appropriate to regard the
spring as totally stiff in the direction perpendicular to
the narrow edge. As shown in Figure 2(a), when arrang-
ing each pair of the leaf springs ‘facing each other, the
bending direction of the leaf springs is same with the
rotation of the corresponding passive joints in the same
elastic limbs. Thus, each four-bar linkage only has the
capability of planar movement. However, once there
is a motion trend in one of the trapezoid four-bar link-
ages, the leaf springs and the corresponding joints in the
other trapezoid will act totally stiff in that direction due
to the orthogonal arrangement of two trapezoids. For
example, as shown in Figure 2(a), the trapezoid four-bar
linkage consisting of elastic limb 1, limb 2 and two rigid
plates (namely trapezoid ABCD in Figure 1) has only one
Degree-of-Freedom. However, elastic limb 3 and limb 4
act stiff on such moving direction because the direction is
perpendicular to the narrow edges of the leaf springs and
also the passive joints. As a result, no movement could be
realized except that buckling happens. In such status, the
device is suitable for precise positioning and motion with
high acceleration/deceleration.

2.3 Compliant Status of the Device

As shown in Figure 2(b), the bending direction of each
leaf spring is perpendicular to the rotation of the corre-
sponding passive joints in the same elastic limb after 90°
self-rotation from the stiff status shown in Figure 2(a). In
such situation, no movement could happen when regard-
ing all the springs as rigid body. However, the bending of
the leaf spring is easy to realize, so that the tool side of the
device will be able to move. The movement of the device
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can be regarded as a combination of the planar motion
of one four-bar linkage and the bending of the other one.
As shown in Figure 3, when one of the four-bar linkages
starts moving, the corresponding leaf springs are rigid in
the moving direction. The one Degree-of-Freedom pla-
nar motion is as thus generated. At the same time, the
leaf springs in the other four-bar linkage are easy to be
deformed on the same direction. Then, deflections hap-
pen in these two springs to adapt the movement. As the
compliance generates from the structural deflection, the
device can provide passive compliance which is irrelevant
to the control algorithm.

3 Design and Fabrication

3.1 Reconfigurable Elastic Inner Skeleton

The design of the inner skeleton is illustrated in Sec-
tion 2.1. As to the fabrication of the elastic inner skel-
eton, the main principles of the material selection are
lightweight and easy to obtain. All of the non-standard
rigid parts are three-dimensional printed. Slender Ni-Ti
alloy strips are employed as the elastic leaf springs.

3.2 Origami Shell

Apart from the structural passive compliance, the elastic
limbs with slender structures also bring shortcomings.
Under the situation shown in Figure 2(b), the tool side is
easy to be twisted relative to the mounting side due to the
low stiffness of the leaf springs. Further, the bare slender
metal sheets are not safe enough in manipulation.

To alleviate above shortcomings, a tubular origami
shell with Yoshimura pattern [31] is integrated to form an
enclosed structure and prevent the device from twist, as
shown in Figure 1. As an ancient Chinese and Japanese
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Figure 3 Schematic diagram of the deformed device under the
compliant status
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art of paper folding, origami is drawing more and more
attention these years in the robotics field and origami
robots can be defined as autonomous machines whose
morphology and function are created using folding
[32-35]. The Yoshimura pattern is a cylindrical folding
origami that supports bending and axial folding [36-38].
Another merit of such kind of origami shell is its torsion
resistance [39]. In this way, the tendency of twist under
the status in Figure 2(b) is avoided without influenc-
ing the passive motion of the elastic skeleton. Besides,
the slender metal sheets are isolated from the working
environment by the compliant origami shell. Hence, the
interaction safety is ensured. In addition, the feature of
uncontinuously foldable [40] makes the Yoshimura pat-
tern resistant to be axially compressed. Thus, the integra-
tion of a pre-compressed origami shell with Yoshimura
pattern will provide extension force and prevent the
device from buckling.

The base crease pattern of the origami shell as well
as the actual images of the machined pattern and the
manually folded shell is shown in Figure 4. The 0.15 mm
polyethylene terephthalate (PET) films are chosen due
to their high strength-to-weight ratio, transparency and
easy to obtain. The crease pattern is planar designed and
machined by a carbon dioxide laser-cutter. It is worth
noting that the black solid lines represent mountain
creases and the blue dash lines represent valley creases
in Figure 4(a). The 2D laser-cut PET film (Figure 4(b))
can be manually folded into a 3D structure following
the crease pattern and finally forms a rectangular tube
(Figure 4(c)). The rectangular structure is attained from
designing four sections in the proposed 2D pattern,
which aims to attain similar bending capacities with the
reconfigurable elastic inner skeleton under the compliant
status.

3.3 Si-Mo Pneumatic Actuation System

As discussed above, the variable stiffness of the pro-
posed device generates from the mode switching of the
reconfigurable elastic inner skeleton. Hence, in order to
actively control the mode of the skeleton, a Si-Mo pneu-
matic actuation system is designed. The system consists
of a pneumatic central line and four sub-actuators, as
shown in Figure 5. Each sub-actuator consists of a rigid
rotor, a rigid stator and two soft pneumatic chambers.
The rigid parts are three-dimensional printed and the
pneumatic chambers are made of inelastic air-tight fab-
ric. The two chambers that connect the shank of the rotor
and the arc groove of the stator together on the opposite
sides will significantly expand and fill the groove when
pressurized. In this way, the two chambers antagonisti-
cally actuate the rotor to swing inside the stator. The four
elastic leaf springs are connected with the four rotors
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Figure 4 Origami shell: base crease pattern, 2D laser-cut film and
folded 3D structure

through bolts and nuts, respectively. As a result, when
the rotors rotate under the pneumatic actuation, the
leaf springs will correspondingly rotate. In this way, the
reconfiguration of the structure is achieved.

The pneumatic central line provides air source to the
four sub-actuators that integrated inside the four elastic
limbs. A 2-4 way solenoid valve (VQD1121, SMC) is used
to switch the inflation between the two chambers of each
sub-actuator. Benefiting from the pneumatic actuation, a
single pressure input can control four actuators simulta-
neously, as shown in Figure 5. Moreover, the motion of
the limbs has no influence on the transmission of the soft
pneumatic pipes when the device is imposed to deform
under the compliant status illustrated in Figure 3. Such
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Figure 5 Si-Mo pneumatic actuation system

soft transmission is hard to realize by other transmission
methods, such as cable transmission, gear transmission,
etc.

Another advantage of such pneumatic actuation is its
remote transmission. The control system can be placed
far away from the device and the mode switching will
not be significantly influenced. As no electrical elements
needs to be mounted on the device and the only actua-
tion elements connecting to the device are two soft pipes,
the device has potential applications in some special
environments, such as underwater, radioactive, low/high
temperature, etc.

4 Modeling and Compliance Analysis

As discussed in the previous sections, the motion of the
tool side can only be produced by external force under
the compliant status. The leaf springs will not deform
under the stiff status. Hence, the modeling and analysis in
this section are based on the compliant status. Due to the
orthogonal arrangement, the compliance can be regarded
as generating from the combination of two deformed
trapezoid four-bar linkages. Each leaf spring acts stiff
in the moving direction of the corresponding four-bar

linkage and flexible in the moving direction of the other
one. Hence, to prove the compliance of the device, it’s
appropriate to analyze the deflection of the leaf springs
and the force they generate in one of the trapezoid link-
ages. The key issue for the compliance analysis is to
analyze the large deflection of the leaf springs. Based
on our prior work on the general approach to the large
deflection problems of spatial flexible rods [26, 27], the
kinetostatics of the leaf springs inside the device can be
analyzed. In this way, the compliance of the device under
the compliant status can be predicted and the geometric
parameter designs for different applications can benefit
from the analysis accordingly.

4.1 Kinematics

For kinematics modeling, two reference frames, namely
the spatial one {S} and the tool one {T}, are constructed
at the mounting side and the tool side of the device,
respectively. The origin of {S}, termed O shown in Fig-
ure 3, locates at the center of the mounting side. The cor-
responding x and y axes are along the horizontal and the
vertical directions, respectively. The origin of {T}, P is
referred to as the center of the tool side of the device.
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As indicated above, the four-bar linkage that parallel to
the moving direction will keep rigid while the other one
deflects to adapt the movement. Hence, the configuration
of {T} is uniquely determined according to the motion
of the rigid four-bar linkage. Then, the configuration of
the tool side can be obtained by solving the following
equations:
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joints associated with the segments’ bending and torsion
effects will be taken into account in the hyper-redundant
mechanism. Using product-of-exponential formula for
forward kinematics [43], the configuration of the approx-
imated hyper-redundant mechanism’s tip frame g, and
the balance of the elastic deflection can then be defined
as

"m
xX=——
2

re . .
y= Ssmqb — [sin(6y — 6),

rt
+ 5 cos ¢ + [ cos(By — 0),

(—Fp 4 1 cos § + L cos(By — 0)) + (r; sing — Lsin(fy — 0)) = 12,

where x, y, ¢ correspond to the horizontal position, the
vertical position and the rotation of the tool side relative
to {S}. 6 and 6, denotes the variable and the initial angle
of the revolute joint A, respectively. r,, and r, are effective
diameter of the joints on the mounting side and the tool
side. / denotes the length of the leaf spring.

As to the motion of the single leaf spring, the pose of
the spring’s tip frame, with respect to the local frame on
the distal end of the spring {L}, can be derived as

g =88 (4)

where g ; € SE(3) denotes the pose of the local frame
on the distal end of the spring with respect to {S} and
&g, € SE(3) relates to the pose of the spring’s tip frame,
with respect to {S}, which can be calculated from x, y, ¢
and the known parameters.

4.2 Kinetostatics

On the basis of our prior work [26, 27], the leaf springs
in the elastic limbs are discretized into a number of small
segments, as illustrated in Figure 6. For each segment,
a six-DOF linkage consisting of rigid bodies and elastic
joints can be attained based on the principal axes decom-
position of the structural compliance matrix [41]. Then,
the force-deflection behavior of the discretized elastic
segments can be approximated by the kinetostatics of
the equivalent linkages. Connecting all the segments one
after another, a hyper-redundant rigid-body mechanism
with elastic joints can be constructed to represent the
large deflection problems of the leaf springs.

Due to its thin-walled structure, the thickness of the
leaf spring is much smaller than its width. It’s appropri-
ate to regard the leaf spring as totally stiff in the direction
perpendicular to the narrow edge. On the other hand, the
effects of shearing and compression are neglectable com-
pared with the bending one [42]. Thus, only the revolute

(3)
2n R
g = ,1;[1 exp(§i0:)gi1,0, (5)

T=Ky0 —JIF -0,

where 0; =[61,...,00,]" € R?*1 denotes the joint
variables of the whole spring. & = Ad(ggg,.--,8;_10)
are the joint twists, transformed from their local
frames to {L}; t; denote the joint twists of the seg-
ments in their local frames. g, =g00810" " &m0
relates to the initial pose of the leaf spring with
respect to {L}. 2n is the total number of joints.
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Figure 6 Mechanism approximation of the leaf springs inside the
proposed device
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Ky =diag(1/c11,1/c12,1/¢c21,1/¢22,+ - 1/cn1,1/cn2)
denotes the overall joint stiffness matrix, where
¢i1=08/El, cin=38/Gl,, denote the compliance of the
approximated joints for bending and torsion. 6, E, G, I,
and I, are the length of each small segment, the elastic
modulus, the shear modulus, and the moment of iner-
tia on bending and torsion direction, respectively. And
F corresponds to the external wrench exerted at the tip.
Here, the Jacobian matrix J, can be derived as

. \
Jo = (aég;tgs:l) =[E1,E -, &) € RO,

(6)
where £} = Ad( exp(élel) e exp(ék,lek,l))ék relate to
the joint twists in the current configuration and are rep-

resented with respect to {L}.
Then, an unconstrained optimization model is formu-
lated to accomplish the force-deflection problems of the

corresponding hyper-redundant mechanism, which can
be defined as

log(g; g, ()

min c(x) = 8(&: &u )T) , (7)
Ko8 —JIF

where & =[0, F]T € R@+Dx1  denotes the vari-

ables of the optimization problem. g, € SE(3) denotes
the target pose for the tip-frame of each leaf spring.
log(g; 'g,,(8))" € R®! corresponds to the twist devia-
tion of current pose from the target one.

Thus, the gradient of the objective function Eq. (7) can
be written as

dc dc Jo 0
= [ao’ aF} = [Ke + Ky T} } ®)
where Kj € R¥*2" is a configuration-dependent stiff-
ness item. Please refer to Ref. [26] for more details.

Then, the update theme for the variables in this hybrid
equilibrium problem can be represented as

¥l =¥ + v, )

which will be iteratively repeated until the objective
function ¢ approaches zero and the variable # converges
stably. As a result, the rotations of all the approximated
joints and the generated force in the equilibrium config-
uration can be simultaneously obtained in terms of the
resultant @ and F.

4.3 Compliance Analysis

In this section, the compliance of the proposed device
under the compliant status is analyzed. The geomet-
ric parameters of the analyzed device and the mechani-
cal properties of the leaf spring are given in Table 1. It is
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Table 1 Lengths and mechanical properties of the leaf
springs

Parameter I (m) re(m) rp, (M)
Value 0.07 0.08 0.05
Parameter hy, (m) hy(m) E (GPa)
Value 5%1073 2x107* 67
Parameter u L (M%) 1, (m*)
Value 03 33x107"° 13%x107"

0.06
0.04

0
Figure 7 Deformations of the single leaf spring from 0 to 60 mm

worth noting that the device is central symmetric, and
lengths of all the leaf springs are same. /1y, and /1;- denotes
the width and thickness of the leaf spring, respectively. y
is Poisson’s ratio of the springs.

Based on the above analysis, the horizontal displace-
ment of the device’s mounting side is set from 0 to 60
mm. Then, the deflection of the leaf spring is calculated
every 3 mm and is illustrated in Figure 7. At the same
time, Figure 8 depicts the variation of the generated force
during the passive motion. According to the figures, it is
apparent that the leaf spring is easy to be deformed and
can not generate great force. The generated force has an
upper boundary less than 10.5 N and the force decreases
as the tool side keep moving after passing the boundary
points.

Considering the relatively low generated force,
the device is proved to bring sufficient compliance
to the manipulator or the operator when misalign-
ment happens in applications like assembly automa-
tion or human-robot interaction. Benefiting from the
upper boundary, the device will ensure the protection
regardless of the positioning error. Moreover, the pas-
sive compliance is attained from the inherent structure
and no sensors or complicated control algorithms is
needed during the manipulation. As the same time, the
device will act compliant immediately however fast the
misalignment or the collision occurs, which is hard to

realize by the active compliance because of its limited
bandwidth [44].
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5 Experiments

To validate the capability of the stiffness changing of the
proposed device, several experiments were conducted
on the prototype with the geometric parameters shown
in Table 1. The prototype was fixed upon the end effec-
tor of a six-DOF industrial robot (UR 10) from which the
motion generated during the experiments. The motion of
the tool side of the prototype was measured by a motion
capture system (OptiTrack Prime 41) with the absolute
measurement accuracy around 0.3 mm.

The first experiment aimed to show the stiffness of
the prototype under different statuses. As shown in Fig-
ure 9, the tool side was imposed to knock into a fixed
barrier under the actuation of the industrial robot; the
prototype was set at the stiff and the compliant status,
respectively. A six-axis force-torque sensor (ATI Mini
45) was mounted between the barrier and a fixed plat-
form to measure the interaction force. Then, different
displacements were imposed at the mounting side of the
prototype while the tool side kept motionless due to the
interaction with the fixed barrier.

Figure 10 illustrates the correlations between the gen-
erated forces and the relative displacements of the pro-
totype under two different statuses. It is apparent that

UR10
Industrnial robot

Air source
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Figure 10 Correlations between the generated forces and the displacements under two statuses

the prototype showed high stiffness under the stiff sta-
tus. The generated force rose up to 10 N when the rela-
tive displacement between the two sides was just around
5 mm. It is worth noting that the relative displacement
in this test was mainly generated from the assembly gap
and the structural deformation of the device. The stiff-
ness should be much more enlarged through replacing
the plastic parts by the metal ones. Hence, the displace-
ment was controlled less than 5 mm to prevent the plas-
tic three-dimensional printed elements from damage. On
the contrary, the displacement could be much larger in
the test under the compliant status. The reconfigurable
elastic inner skeleton as well as the origami chamber was
easily deformed to adapt the relative movement between
the mounting side and the tool side. The compliance
under such status was noticeable and the generated force
was around 10 N when the displacement reached 20 mm.
It should be noted that the measured force was generated
from two deflected leaf springs, so that the measured
force was almost twice the predicted one.

In the second experiment, the response of the stiffness
variation was tested. Similar to the first experiment, the
tool side was first imposed to knock into the barrier fixed
upon the six-axis force-torque sensor under the stiff sta-
tus. Then, the status was controlled to be switched under
the actuation of the Si-Mo pneumatic actuation system.
The interaction force during such process was record by
the force sensor and Figure 11 illustrates the response
of the prototype. It is apparent that the stiffness of the
prototype can be changed rapidly with a reaction time
around 80 ms from the stiff status to the compliant one.
As a consequence, the proposed device was proved to
have the capability of switching its stiffness in a fast, sim-
ple and straightforward manner.

The last experiment was designed to prove the tor-
sional strength augment from the origami shell, which
has an apparent influence on the behavior of the device
under the compliant status. As shown in Figure 12(a), the
torsion was manually imposed on the tool side with a six-
axis force-torque sensor mounted between the tool side
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and the rotation bar. Both the device with and without
the origami shell were tested. As shown in Figure 12(b),
the tool side rotated more than 16° under the torsional
force around 0.3 N-m without the origami shell. How-
ever, almost no rotation generated on the prototype with
the origami shell under the same torsional forces. It was
apparent that the device without the origami shell was
easy to be twisted while the device with the origami shell
seemed stable. Hence, the torsional strength of the pro-
posed device was proved to be significantly enhanced by
the origami shell.

6 Conclusions

In this paper, a novel stiffness variable passive compli-
ance device that consists of a reconfigurable elastic inner
skeleton, an origami shell and a Si-Mo pneumatic actua-
tion system is proposed. Controlling the self-rotation of
the leaf springs, the arrangement of the elastic links and
the passive joints can be changed and the stiffness vari-
ation of the device is as thus realized. The device can be
used for precise positioning or applications with high

acceleration /deceleration under the stiff status and pro-
viding passive compliance or protection under the com-
pliant status. The Si-Mo pneumatic actuation system
can switch the stiffness of the device in a fast, simple and
straightforward way and the device has potential applica-
tions in some special environments as no electrical ele-
ments needs to be mounted on the device.

The kinetostatics as well as the compliance of the
device is analyzed based on an efficient approach to
large deflection problems. A prototype has been built to
assess the proposed concept. The experimental results
show that the device possesses relatively low stiffness
under the compliant status and high stiffness under the
stiff status with a status switching speed around 80 ms.
The device generates only 10 N when the relative dis-
placement between the two sides is around 20 mm under
the compliant status. The laser-cut origami shell signifi-
cantly enhances the torsional strength of the device and
the interaction safety can benefit from its inherent soft
structure.
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