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Preface

The third Conference on Microactuators and Micromechanisms, MAMM-2014,

was organized by the Department of Mechatronics at the Faculty of Mechanical

Engineering, Politehnica University of Timisoara, under the patronage of the

International Federation for the Promotion of Mechanism and Machine Science

(IFToMM) Technical Committees for Linkages and Mechanical Controls and for

Micromachines.

The Conference aims to bring together researchers and students who develop

their work in disciplines associated with micromechanisms and microactuators in a

friendly, colleague-like, and collaborative environment. MAMM-2014 offers a

great opportunity for scientists all over the world to present their achievements,

exchange innovative ideas, and create solid international links. The scientific event

was meant to gather the novelty and originality in machine science and to depict the

trend of this important and creative field.

The topics proposed for the Conference are Microactuators and micro-assembly,

Micro sensors involving movable solids, Micro-opto-mechanical device, Mechan-

ical tools for cell and tissue studies, Micromanipulation and micro-stages, Micro-

scale flight and swimming, Micro-robotics and surgical tools, Micron-scale power

generation, Miniature manufacturing machines, Micromechatronics and micro-

mechanisms, Biomechanics micro and nano scales and Control issues in

microsystems.

We would like to express our grateful thanks to IFToMM, to the Romania

IFToMMNational Committee (ARoTMM), and to the members of the International

Scientific Committee of MAMM-2014.

We appreciate the effort of the reviewers gathered in the International Scientific

Committee of MAMM-2014. They spent time on a serious work of evaluation and

improvement guidance, meant to assure high quality in all papers.

We thank the authors, who contributed with valuable papers on different sub-

jects covering the wide scientific fiels of Mechanisms and Machine Science.

We thank the Department of Mechatronics at the Faculty of Mechanical Engi-

neering, Politehnica University of Timisoara, for hosting the scientific event and
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supporting all associated activities. The third Conference on Microactuators and

Micromechanisms became a reality due to a hardworking local organizing team:

Gruescu Corina Mihaela, Inocenţiu Maniu, Valentin Ciupe, Iosif Cărăbaş, Nicolae

Mircea Dehelean, Valer Dolga, Florina Pop, Cristian Pop, Dan Teodor Mărgineanu,

Cristian Emil Moldovan, and Eugen Sever Zăbavă.

Last but not least, we are grateful to the staff at Springer Publishing for their

excellent technical and editorial support.

Timisoara, Romania Erwin-Christian Lovasz

September 2014 Gondi Kondaiah Ananthasuresh

Burkhard Corves

Victor Petuya
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A Compliant Mechanism as Rocker Arm
with Spring Capability for Precision
Engineering Applications

L. Hartmann and L. Zentner

Abstract In precision engineering escapement and ratchet mechanism are often used

to keep an element in a non-operating state e.g. in chronometers. Suchmechanisms have

a pivoted and spring-loaded pawl locking a ratchet. For miniaturized applications

reducing the number of elements and functional integration is recommended. Spring

clip mechanisms as rocker arms combine the rocker itself with a spring. Therefor a

special formed wire is mounted in a frame by two shifted revolute joints. The spring

capability is once determined by the geometry and thematerial and twice by the shifting

of the axes and the deflection of the clip. In this contribution the force-deflection

behavior of such mechanisms for different shiftings is focused utilizing the finite

element method. Spring clip mechanisms realize a wide range of motion and due to a

shifting of axes and the asymmetry the force-deflection behavior is influenced. Finally

some precision engineering devices with a spring clip mechanism are suggested.

Keywords Compliant mechanism • Precision engineering • Rocker arm • Spring

• Spring clip mechanism

1 Introduction

Designing scientific and measuring instruments or highly accurate devices, such as

chronometers, medical and optical apparatus, is a part of precision engineering.

Usually the motion of parts and assemblies in precision engineering is characterized

by high velocities but the inertia has to be exceptionally low (Bischoff 1959;

Hildebrand 1967; Schilling 1989). To reach a high precision and a minor inertia,

the components and machine elements of such devices have small dimensions

and consequently a low mass. So, downsizing of these elements is recommended

and this is a reason for integration of functions. Additionally, manufacturing and

assembling of miniaturized and function integrated components is more difficult

than macro machine elements.

L. Hartmann (*) • L. Zentner
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In several precision engineering devices escapement and ratchet mechanisms are

used to keep an element in a non-operating state, Fig. 1. Therefor a ratchet is locked by

a pawl, which is usually pivoted and spring-loaded. Also in cam mechanisms springs

are used to keep the mechanism elements in contact, Fig. 1. The spring in each

application can be a coil spring or a bending spring. For a bending spring like a

cantilever beam the range of motion is strictly limited because of the mechanical

stress. To realize a wide range of motion a rocker arm is loaded by tension or spiral

springs but these are additional parts in construction. With a look at mechanisms with

pivotally mounted rockers, especially escapement and ratchet mechanism, we intro-

duce a spring clip mechanism as a rocker arm with spring capability for precision

engineering applications. Spring clipmechanisms as compliantmechanisms consist of

a specially shaped spring clip (wire bracket) with bending and torsional capability

which is mounted in a rigid frame by two revolute joints with shifted axes, Fig. 1. The

spring capability is determined by the geometry, thematerial, the distance between the

two shifted axes (displacement) and the deflection of the clip. We aim to investigate

the force-deflection behavior of such a mechanism for different displacements.

2 Material and Methods

Analyzing spring clip mechanisms and to investigate their stiffness behavior

mechanisms we suggest a model to use the finite element method.

2.1 Modeling

An essential part in the investigation of a spring clip mechanism is the modeling.

Generally, there are several specially formed spring clips, each adapted for one

Fig. 1 Escapement and ratchet mechanisms with spring-loaded pawls, cam mechanism with

different spring loaded rocker arms, linchpins as examples for spring clip mechanisms (Bischoff

1959; Hildebrand 1967; RÜBIG GmbH & Co. 2013; Schilling 1989)

2 L. Hartmann and L. Zentner



special application. Because it is impossible to focus on all of them, one particular

spring clip is chosen for the investigation. The spring clip mechanism we use for

studying has features and restrictions as follows (Hartmann and Zentner 2013):

– it is built up of three bending and torsion flexible, straight legs,

– in undeformed state it is planar, meaning that all bar axes are within one plane

and all legs are perpendicular to each other,

– asymmetry occurs because of the different lengths of the two parallel legs,

– slender legs with small and constant circular cross-sections throughout the

length of all legs ,

– plane sections remain plane and normal to the deflected neutral axis,

– the material is isotropic and homogeneous and obeys Hooke’s law,
– friction in all hinges is neglected and gravity is not observed.

2.2 Finite Element Analysis

To investigate the static structural deformation of a spring clip, the finite element

method (FEM) is well-suited. Using the software package ANSYS® Workbench

14.5, it is easy to handle a large number of analyses with different analysis settings,

element types, boundary conditions, displacements of one joint and deflections of

the spring clip. Despite all simplifications modeling the spring clip mechanism by

elastic 3D-beam elements (beam4) to apply the Euler-Bernoulli theory will produce
wrong results, because of the restrictions of infinitesimal strain and small rotations.

Instead we have to use a 3D-solid tetrahedron element with a linear element shape

function, the solid 185-element and large deflections have to be enabled in analysis

settings. Only this non-linear approach generates useful results for the force-

deflection behavior of the spring clip mechanism. The hinges A and B are modeled

as joints with a rotational motion around the z-axis and the displacement is applied

to the hinge B along the y-axis. Subsequent to this first load step the free end of the

spring clip will deflect and the force reaction at one point of the free end is analyzed.

Figure 2 visualizes the described FEM model and the parameters.

Fig. 2 FEM model for analyses of an asymmetrical spring clip mechanism and parameters

(Hartmann and Zentner 2013)

A Compliant Mechanism as Rocker Arm with Spring Capability for Precision. . . 3



The length of leg 3 is l3¼ 4 mm and l3¼ 3 mm to investigate the effect of

asymmetry of the spring clip to the force-deflection behavior. Diameters of the wire

are d¼ 0.2 mm and d¼ 0.4 mm to ascertain its effect on the force-deflection

behavior. Fixing 0.2 and 0.4 mm for the displacements of hinge B and the imprint-

ing the maximum deflection (same value as the resulting deflection due to displace-

ment of hinge B but in the opposite direction) in the second load step the force-

deflection behavior of the mechanism for different displacements is evaluable.

3 Results

Firstly, the deformed shapes of asymmetrical spring clips without a displacement of

hinge B are presented in Fig. 3. The maximum imprinted deflection at the tip is

�1 mm and all legs are nearly straight. According to the deformed shapes the force

reactions at the tip are evaluated. The force-deflection behavior is non-linear, in

consequence the spring rate is not constant. If there is no imprinted deflection on the

tip no force is generated. Deflection and force reaction go into opposite directions,

meaning that a positive deflection causes a negative force reaction. Finally, increas-

ing the diameter of the wire offers higher forces.

Applying a displacement at hinge B in negative y-direction causes a resulting

deflection of the spring clip also in negative y-direction. In the case of a nearly

symmetrical spring clip (l3¼ 4 mm) this deflection of the center tip point is

Fig. 3 Deformed shapes and force-deflection behavior without any displacement of hinge B; left –
deformed shapes of spring clip; right – force-deflection behavior

4 L. Hartmann and L. Zentner



�0.97 mm for a displacement of �0.2 and �0.55 mm for �0.4 mm. The dashed

lines in Fig. 4 show this state, where no force reaction is generated. Deformed

shape of the clip for an imprinted deflection bringing the tip center point to y¼ 0 is

represented by the gray lines in Fig. 4. The dotted lines in Fig. 4 characterize the

deformation, if the center tip point is moved to y¼ +0.97 mm or +0.55 mm,

depending on the displacement of the hinge B. Contrary to the expectation the

minor displacement of hinge B effects a larger deflection than the major one.

Again the force-deflection behavior is non-linear but for a deflection v¼ 0 there is

a force reaction. The force increases for higher imprinted deflections and major

diameters.

According to Figs. 4 and 5 illustrates the effects for a more asymmetrical spring

clip (l3¼ 3 mm). As expected, major displacements of hinge B realize higher

resulting deflections than miner ones (see dotted and dashed lines in Fig. 5). For

major displacements and large imprinted deflections the legs are not straight

anymore. The force reactions in this case are high in comparison to the nearly

symmetrical cases.

In all cases the trajectory of the points of leg 2 is nearly a circular arc in x-y-
plane. The mechanical stress is low due to the rotation of the leg 1 and leg 3 around

the z-axes. But for major displacements of hinge B and short leg lengths l3 it will
raise due to increasing bending and torsion torques. If the imprinted deflection is too

large, bending around y-axis has more and more influence on the deformation and

the shape deflects to positive z-direction (site of shorter leg 3).

Fig. 4 Deformed shapes and force-deflection behavior with displacement of hinge B for

l3¼ 4 mm; left – deformed shapes of spring clip; right – force-deflection behavior

A Compliant Mechanism as Rocker Arm with Spring Capability for Precision. . . 5



4 Discussion

The results presented in chapter “New kinematic designs of flexure hinge based

3 DoF translational micromanipulators” show that the shifting of the axes (dis-

placement of hinge B) and the asymmetry of a spring clip mechanism influences the

force-deflection behavior. In all cases we looked at, the force-deflection behavior is

non-linear. Changing the geometry and material parameters of the spring clip

mechanisms other force-deflection behaviors can be achieved. Especially for a

non-constant wire diameter over the arc length of all legs the spring rate is

adjustable. Finally, the wide range of motion, the spring capability and the adjust-

able spring force are advantages for precision engineering applications. To realize a

rocker arm with an angular motion the leg 3 as output element is preferred because

of the low bending deformation.

There are several forms of spring clips for specific applications in precision

engineering. Using spring clip mechanisms as rocker arms with spring capability

reduces the number of parts because of the integration of lever and spring. Of

course scaling the geometry and miniaturization of such mechanisms to adapt them

to special applications is possible and their manufacturing is easy. Figure 6 visual-

izes some applications for these mechanisms.

Generally, solving the problem is not trivial even if the modeling seams to offer

the usage of a linear theory. Due to the large deflections this highly non-linear

problem can be solved by the finite element method but also with some restrictions.

To reach a convergent solution and acceptable results the FEMmodel has to be well

adapted at real environmental conditions.

Fig. 5 Deformed shapes and force-deflection behavior with displacement of hinge B for

l3¼ 3 mm; left – deformed shapes of spring clip; right – force-deflection behavior

6 L. Hartmann and L. Zentner
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5 Conclusions

A spring clip mechanism with shifted hinges was analyzed using the finite element

method. The shifting of axes (displacement) has an influence to the force-deflection

behavior. Because of the integration of functions – rocker arm with spring capa-

bility – these compliant mechanisms establish new precision engineering

applications.
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Steering and Non-steering Crawling
Tetrahedral Micro-mechanisms

D. Mărgineanu, E.-C. Lovasz, K.-H. Modler, and C.M. Gruescu

Abstract Crawling mechanical structures with energetic autonomy and remote

control may move and steer by sliding on the ground. The paper presents a study on

simple possibilities to achieve sliding movement with a crawling tetrahedral struc-

ture and studies their movement capabilities both analytically and by MBS simu-

lation. The structures are analyzed using an equivalent plane model and a 3d model,

respectively. The analysis is structural, kinematical, static and dynamic.

Keywords Piezo-actuators • Hysteresis • Micro-mechanisms • Multi body system

simulation

1 Introduction

Mankind has always manufactured means to displace material goods or persons.

For a long time, the vehicles were driven by human or animal energy. The

development of science and technology contributed to improvement of speed by

means of different types of actuation (combustion engine, electric, hydraulic

motor). Also, the reliability and safety increased as new materials, technologies

and control devices became widely available. Still, the basic mechanical structures,

such as wheels, remained the same.

Recently, historically speaking, people became aware of the fact that motion is a

fundamental property of any living creature and started to think that the motion of

mechanical devices might be improved by getting inspiration from biological

structures. Studies of biomechanics were planned to investigate multiple aspects

such as principles of motion, speed and energetic efficiency in relation with the

number and size of the elements in the structure, symmetry in displacement, ratio of
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segments’ length and so on. Dickinson et al. offered an early general view on

animals’ movement (Dickinson et al. 2000).

Zielinska provided a review of all time walking machines and observations on

displacement pattern of a large group of animals starting with simple invertebrates

up to complex mammals (Zielinska 2004). Further extensive and substantial studies

on imitation of human locomotion in robots’ gait were presented by Zielinska

et al. (Zielinska 2009; Zielinska et al. 2009; Zielinska and Chew 2006).

Nowadays engineering develops modules based on biological inspiration. The

design of such structures is only at the beginning, but it spans quickly and inten-

sively as people understood the significant potential of the new concept. Different

parts of human or animal body are sources of inspiration for intelligent mechanical

structures, which displace through sliding, crawling, climbing and stepping with a

large variety of gaits.

Initially, only the human body was the inspiration for the so-called humanoid

robots, a field with many successful results. So, a solution of human walking

imitation in a robotic module was presented by Ceccarelli et al. (Liang et al. 2008;

Li and Ceccarelli 2012). Ottaviano et al. designed and tested a hybrid leg-wheel

walking machine (Ottaviano et al. 2011). Ceccarelli reviewed the progress in legged

walking, emphasizing the importance of the kinematic and dynamic characteristics of

the mechanical structure on the performance of the locomotion artifact (Ceccarelli

2013). The human body inspiration extended to other segments than legs. So, Liang

and Ceccarelli proposed a robotic parallel structure meant to achieve the motion tasks

performed by the human torso (Liang and Ceccarelli 2012).

More recently, other types of displacement were taken into account and studied

in order to be imitated in robotic applications. One of the natural possibilities to

displace is crawling or sliding-crawling, which became of intense interest. There

are studies on fundamental physics involved in crawling structures. For instance,

Wagner and Lauga presented a thorough insight on physics of locomotion taking

into account mass, elastic connections, anisotropic friction, degrees of freedom,

asymmetry of kinematics and friction forces (Wagner and Lauga 2013). In

Ijspeert’s work the biology and robotics meet to provide a crawling device based

on the model of a salamander, both from mechanical and control point of view

(Ijspeert 2008).

Quillin’s researches focused on models of crawling taken from nature. His work

provided thorough studies on kinematics of locomotion and various parameters

which describe its efficiency in terms of speed and energy consumption. Further-

more, scaling of natural structures is an important issue to study as performances

may vary significantly in respect with the size of the structure elements (Quillin

1999).

There are already practical results in crawling robots field. There are numerous

solutions, more or less similar to natural displacement, which use various types of

mechanisms such as parallelogram, pantograph and others. The resulting gait may

be sliding, sliding-crawling as described by Tian et al. (2014). Zimmermann

et al. explored the possibility to get inspiration from natural crawling movement

of snakes or worms in the design of robots designated to operate in unpredictable

10 D. Mărgineanu et al.



environments. Their solution uses a magnetizable elastic body, which travels in a

magnetic field (Zimmermann et al. 2007).

Liu et al. proposed a robotic earthworm with a biomimetic sensing system,

working on a principle based on peristaltic contractions and elongations of

worm’s compliant segmented body (Liu et al. 2006).

Nam et al. developed a crawling micro robot that is able to move along a tube,

such as a human blood vessel, by means of asymmetric friction force controlled

with an oscillating external magnetic field (Nam et al. 2014). Wang et al. created a

kinematic model, then a prototype of a mini-robot which crawls similarly to

caterpillars (Wang et al. 2009).

The idea of designing crawling robots went beyond imitation of mechanical

structure. Neuronal connections of different segments can also be mimicked, as

stated by Lipson and Pollack (2000).

The conclusion of the brief presentation above is that crawling robots are a

current subject of interest in engineering. The principles of locomotion are taken

from certain species of animals, according to the skill considered to be most

significant. The mechanical structures proposed until now are based on simple

planar mechanisms, involving linkages and wheels. Thus, there is a broad devel-

opment perspective in designing efficient and compact solutions.

The authors published previous results on crawling mechanisms in (Lovasz

et al. 2005; Modler et al. 2005; Mărgineanu et al. 2007).

The proposed basic crawling mechanism is a pyramid with triangular basis

(tetrahedron) with elastic joints and a pushing element linked on it’s point. The

movement obtained through sliding structure on the ground depends both on the

friction in the contact points and ground surface planarity

The mechanism with one active element on an edge (Fig. 1a) or on the pushing

element (Fig. 1b) touches the ground in 4 points, 3 of them on the basic link and the

4-th to the pushing element. In order for a sliding movement to appear when

Fig. 1 Non-steering crawling tetrahedral mechanism (a) with active element on the lateral edge

and (b) with active pushing element
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the active element is actuated, the friction force between the pushing element

and the ground has to be greater then the sum of all friction forces in the basis

link’s contact points. This mechanism cannot steer its movement.

In the Fig. 2, two steering possibilities with additional actuators are shown.

Steering supposes the control of the position and rotation vectors, so the mobile’s
characteristic point (CP) should move along the desired path and the characteristic

axis (CA) remains tangent to the path. If for some reason the CP leaves the path or

the CA twists, the steering should compensate by imposing a counter sideways

movement or a counter twist. The steering can be done by lateral or oblique

pushing, by altering the reactions on the bases touch points or by both methods.

As the two actuators on the front lateral edges (Fig. 2a) move at the same time,

the structure glides as a non-steered one. When only one side acts, the passive

pushing element presses obliquely on the ground relative to a CA rotated in the

direction of the leading edge and the lateral component (in z axis direction) of the

frictional force moves the structure sideways.

In the Fig. 2b, the structure uses a servomotor to turn a bended pushing element,

so the touch point on the ground is no longer on the CA. As the acting edge shrinks

the reactions on the three contact points between the basis structure and the ground

are uneven, thus the structure will twist around an instantaneous rotation axis

perpendicular to the ground.

2 Non-steering Crawling Tetrahedral Mechanisms

In the following, the non-steering tetrahedral mechanism (s. Fig. 1a) with rigid

basis contour and actuated edge element will be analyzed by an equivalent plane

structure (s. Fig. 3). This equivalent plane mechanism with revolute joints instead

of the compliant joints used has the degree of freedom:

Fig. 2 Steering crawling tetrahedral mechanism (a) with sequentially actuators on the lateral

edges and (b) with servomotor on the bended pushing element
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F ¼ 3 � n� 1ð Þ � 2 � e1 � e2 ¼ 3 � 5� 2 � 5� 1 � 3 ¼ 2; ð1Þ

where n is the number of elements and e1 and e2 the joints number with 1 and

2 degrees of freedom, respectively (s. Fig. 3a).

The crawling mechanism realizes a constraint movement as the dynamical

constraint movement condition is fulfilled, i.e.:

na < F � na þ ndin ¼ 2 ð2Þ

where: na is the number of actuating elements and ndin the number of elements,

which realizes the dynamic equilibrium.

For slow actuation the dynamic forces may be neglected and the sliding condi-

tions for the mechanism are (see Fig. 4):

FD16 > FA14 þ FB14 ) μ � GD16y > μ � GA14y þ GB14y

� �
: ð3Þ

The joint reactionsGA,B14y are determined by the kinetostatic analysis (presented

in (Modler et al. 2005; Mărgineanu et al. 2007)).

The mechanism does not lose the contact with the ground in A and B if:

GA14y > 0, GB14y > 0: ð4Þ

The tetrahedron’s weight vector has to pass between the points KA and KB,

i.e. the corresponding intersections between the reaction’s direction in the joints A

and B and the reaction’s G65 direction on the pushing element.
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The sliding speed depends on actuator’s velocity va and the angles α and γ
(Fig. 5):

vG ¼ vT ¼ va � cos α� l23 � dα
dt

sin α� l6 � dγ
dt

cos γ: ð5Þ
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The push does not slide on the ground if γ < ϕ16.

In (Modler et al. 2005), the dependency of the instant and average sliding speed

(Fig. 6a, b), on the frictional coefficient and actuator’s stroke was studied.
As to obtain more accurate results for the movement capabilities of the crawling

tetrahedral mechanisms, the inertia of the elements is not to be neglected. The

difference between static and dynamic friction is also important because of the

intermittent sliding of the mechanism. As analytical calculus leads to a non-linear

differential equations system, the RBSmethod for dynamical analysis was chosen. A

CAD model for the mechanism wad built using SolidWorks, as presented in Fig. 7.

The model uses solid bodies and revolute joints to simulate the compliant joints

of the mechanism an one driving prismatic joint to simulate the actuator.

The dynamic analysis was done by Rigid Body Simulation using Motion Anal-

ysis in SolidWorks Motion. So, the inertia and different friction conditions between

the elements and the ground may be taken into account, including different values

for the static and dynamic friction coefficient, important for studying a crawling

motion with low speed and stop/slide intervals.

With this simulation model, the influence of actuation stroke and frequency on

the movement capabilities of the tetrahedral mechanism may be studied, as well as

the contact reactions of the ground, the loads in the joints and the energy

consumption.

In Fig. 8, simulation results for the model non-steering crawling tetrahedral

mechanism are presented. The simulated path (Fig. 8a) is linear, with some insta-

bility at the beginning of the simulation produced by the phenomena associated to

the contact conditions initiation. The sliding speed (Fig. 8b) does not have the sharp

peaks as in Fig. 6 anymore and some instability at the beginning of the motion is

also to be detected, due to inertia and friction.
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3 Steering Crawling Tetrahedral Mechanism

The steering crawling mechanism with solid base link, one actuated edge and

rotating pushing element (s. Fig. 2b) is composed of seven 3D elements, with

6 degrees of freedom each. These elements are linked by compliant joints 4 joints

(E, F, T1, P2–P3) with equivalent 1 degree of freedom and by mechanical joints as

follows: 1 joint (T2) with 2 degrees of freedom, 1 (P1) with 3 degrees of freedom

and 4 joints (A, B, C, D) with 5 degrees of freedom:

The equivalent mechanism (s. Fig. 9) has the degree of freedom:

F¼ 6 � n�1ð Þ�
X5

i¼1

6� f ið Þ �ei ¼ 6 �6� 5 �4þ4 �1þ3 �1þ1 �4ð Þ¼ 5: ð6Þ

The structure has a constraint motion because:

na < F � na þ ndin ¼ 5; ð7Þ

where na is the number of acting movements and nm is the number independent

movements: slide, drift and twist, determined by the kinetostatical conditions.

The movement conditions for the mechanism with solid base, one active edge

element and turning passive bent push was be studied in (Mărgineanu et al. 2007)

order to generate sliding movement and steer it on the desired path. The mecha-

nism’s movement depends on the two acting elements, i.e. the length l34 of the

Fig. 7 CAD model of the non-steering crawling tetrahedral mechanism
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active edge and the rotation of the pushing element and also on the position of its

center of mass.

The considered coordinate system (s. Fig. 2) has the origin in the base’s
symmetry center as the mobile’s characteristic point (CP) and the plane xOy on

the ground, with the x-axis as the symmetry axis of the base’s equilateral triangle as
the characteristic axis (CA).

The pushing direction is parallel to the CA. The mechanism’s movement on the

ground depends on the friction forces in the 4 contact points, so the movement will

be conditioned its weight G value and center

On the structure act the resultant joint reactions Rj in the three contact points

between the basis contour and the ground and R – in the tip of the pushing element,

with the components Nj, respectively N normal to the contact surface and Ffj,

respectively Ff – the friction forces in these points (see (Mărgineanu et al. 2007)

and Fig. 10).

The conditions to keep the mechanism on the ground are N j > 0.

Generally, the structure’s weight vector direction must pass through the interior

of a certain contour (smaller than the basis contour), depending on the pushing

angle.

The structure’s sliding movement has two components: the velocity vO of the CP

on the trajectory, which depends on the actuator’s velocity va, and the angular

(twisting) velocity ωO:

ωO ¼ vO
ρO

; ð8Þ

where ρO ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xM2 þ yM

2
p

is the distance between the instantaneous rotation point

and the structures CP.

The CAD model for the 3D steering crawling mechanism presented in Fig. 11

has a push that can be positioned along the upper edge, so the pushing on the ground
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is asymmetrical. The path of the mechanism shows an obvious curvature, as the

pressure distribution on the ground is not even and the friction twists the mecha-

nism. By adjusting the position of the push, different curvatures may be obtained

(Fig. 12).

Steering and non-steering mechanisms’ physical models built and tested both in

TU Dresden and UP Timişoara by joint teams also include power batteries to

achieve some moving independence and carry all the electronics and sensors

needed to act and control their movement (Fig. 13).

4 Conclusions

The movement capability of the tetrahedral crawling mechanisms is influenced by

the mechanism’s geometry and the friction conditions. The dependence of the

steering on the position of the gravity center, on the planarity of the ground and

especially on the friction conditions in the 4 contact points with the ground shows,

as experiments confirmed, that controlling the movement only by programmed

actuators is not precise. In order to increase the steering accuracy, feedback

informations about the CP’s position and the CA’s direction must be collected
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from the environment and the actuators movement adjusted so the structure stays on

track.

Modeling and simulations allow a more accurate estimation of the steering

capabilities and the obtainable speed of the mechanism in the design stage.

Simulations with high speed and low stroke actuators have shown that the

movement may be more stable, as the inertia does not allow the sliding to stop in

the retracting phase of the actuator.

At even higher speed, the push is no longer needed, as the mechanism acts like a

vibrating plate on the ground. Dynamic studies for these cases will be published by

the authors in further works.

Fig. 11 3D CAD model and simulation result for the steering crawling tetrahedral mechanism
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New Kinematic Designs of Flexure Hinge
Based 3 DoF Translational
Micromanipulators

I. Prause, D. Schoenen, and B. Corves

Abstract The development of new robot structures, in particular of parallel kine-

matic structures, is widely systematized by different structure synthesis methods,

whereas a systematic approach for the development of micromanipulators is miss-

ing. Hence the aim of this paper is to systematically develop new kinematic designs

of flexure hinge based micromanipulators with three translational degrees of free-

dom. With the focus on screw-based approaches for the structural synthesis a

structural selection is made with regard to specific characteristics of micromanip-

ulators. Thus 11 possible configurations of new kinematic structures with a sym-

metrical and orthogonal assembly are shown. Finally, an internal development of a

flexure hinge based micromanipulator is presented.

Keywords Micromanipulators • Compliance • Flexure hinge • Structure

selection • Kinematic design

1 Introduction

Micromanipulators with parallel kinematic structures have a substantial payload

ratio. Furthermore, the actuators can be mounted on the frame which reduces the

inertia of moving masses and increases the dynamic performance (Merlet 2006).

Thus, parallel micromanipulators have potential for increasing precision. This is in

line with the general technological development, which has led to a decrease

in object dimensions but an increase in need for precision, for example, in

IT-technology, bio-medicine or fiber technology.

The recent growth in compliant mechanisms applications is due to advances in

understanding of compliant mechanisms and many benefits on the one hand like the
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monolithic structure, which leads to reduced assembly effort, reduced wear,

reduced need for lubrication and weight reduction (Howell et al. 2013). Further-

more, a monolithic structure also results in close to zero backlash, frictionless

motion, significant potential for miniaturization and increased performance such

as high precision (Howell 2001). On the other hand, the disadvantages of compliant

mechanisms are, for example, undesired parasitic effects, deviation in motion,

difficulties in analyzing and designing and a limited range of motion (Howell

2001). But for high precision parallel micromanipulators with a workspace typi-

cally in the millimeter range and macroscopic dimensions the mentioned disadvan-

tages are no drawbacks. Besides, for most applications of micromanipulators only

translational motions are necessary.

Furthermore, the current literature does not provide a systematical approach for

new developments of micromanipulators. Rather, it seems that recent developments

are initiated by means of heuristic approaches. A comparison and benchmark of

different structures is missing as well.

In a classification scheme of robots is already provided and several existing

micromanipulators are compared. Thus the main focus of this paper is the

systematical development of new kinematic designs for flexure hinge based parallel

micromanipulators with three translational degrees of freedom (DoF).

In Sect. 2 the considered joints in this study are described. Furthermore, a

systematic approach for the design of new micromanipulators is introduced,

followed by an appropriate selection scheme. Thereafter, in Sect. 3, possible new

kinematic structures with three translational DoF for micromanipulators are shown.

A flexure hinge based micromanipulator developed at our department is presented

in Sect. 4. Finally, Sect. 5 gives a brief conclusion of the paper and a perspective on

further research projects.

2 Further Developments Towards New Structures

In the following chapter new structures for micromanipulators are developed. These

structures should meet different requirements: (1) 3 DoF translational motion,

(2) parallel kinematic structure, (3) if possible, symmetrical assembly.

Firstly, the considered joints are introduced and described (Sect. 2.1). Thereaf-

ter, possible joint configurations for the limbs are presented followed by an appro-

priate selection scheme for the design of new structures (Sect. 2.2).

2.1 Considered Joints

Various compliant joints are extensively described in the literature by Raatz (2006)

and Howell et al. (2013). Nevertheless, due to compact size and simplicity, flexure
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hinges with lumped compliance are the most common. To allow flexibility in one or

more directions the hinge blank is notched. This enables different DoF. According

to Fig. 1 (a) revolute joints are manufactured by necking down the hinge blank once

(b) universal joints by cutting it twice or (c) for spherical joints by turning the hinge

blank while notching. Revolute joints are easy to cut by wire-EDM for planar and

spatial applications. Thus, in compliant mechanisms universal and spherical joints

are often substituted by a combination of two or three revolute joints. In

monolithical structures prismatic joints have to be replaced by a parallelogram

structure, based on four revolute joints (cf. Fig. 1). Hence within this paper only

structures with revolute joints or prismatic joints substituted by a parallelogram are

considered.

2.2 Description of Possible Configurations and Selection
Scheme

The selection scheme for kinematic structures offering new possibilities for micro-

manipulators is based on the constraint-synthesis approach, especially the virtual

chain approach introduced by (Kong and Gosselin 2007). This approach uses the

screw theory to synthesize new kinematic structures for parallel manipulators with

three identical limb configurations. To ensure a fully translational motion of the

end-effector, the joint alignment cannot be chosen arbitrarily. The twist-system of

the manipulator is a 3-ξ1-system (translational motion, screws with infinite pitch),

the wrench-system is a 3-ζ1-system respectively (moments around the origin of the

reference frame) because the virtual power developed by any ζ1 along any twist

within the 3-ξ1-system is zero. The wrench-system of the manipulator is a linear

Fig. 1 Considered joints for the further development. (a) Revolute joint (R). (b) Universal joint (U).
(c) Spherical joint (S). (d) Prismatic joint (P) (based on four R’s)
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combination of the wrench-systems of the limbs, whereas the wrench-system of

limb i is the intersection of the wrench systems of all the joints in the limb kinematic

chain. At least one rotation of the end-effector should be blocked by one limb.

Only simple joints such as prismatic (P) and revolute joints (R) are considered.

Restricting the maximum number of joints within one limb to five implies eight

different classes (cf. Table 1). For each class several joint alignments are possible,

so that the number of configurations within each class can be up to 30. A more

detailed description of the possible combinations gives (Kong and Gosselin 2007).

To reduce the number of configurations (NoC) – from 90 in total – the following

criteria are applied: (1) within one limb the number of prismatic joints should not

exceed two, (2) no inactive joints, (3) first joint of each limb is actuated, (4) actuated

joints are only prismatic joints. The last criterion is assumed because it is not

possible to actuate a rotational axis of a flexure hinge directly in an appropriate

accuracy range. Table 1 gives an overview of the resulting NoC after applying the

above mentioned criteria.

An underlined letter indicates an actuated joint, whereas the index describes the

joint alignment within one limb. An identical index means that the joint axes are

oriented parallel to one another.

For the resulting limb configurations an orthogonal assembly is desired. The

reasons are as follows: An orthogonal assembly of the entire structure implies

actuation axes that are perpendicular to each other. It also enables an orthogonal

limb structure, which means that the different rotation axes within one limb can be

arranged perpendicular to each other. This arrangement simplifies the manufactur-

ing of limbs cut by advanced wire-EDM technology because of reduced clamping

effort. Thus, in return form deviations are reduced and the positioning accuracy of

the entire structure increases. Orthogonal limb design also supports compact over

all structures as far as the different limbs can be nested in one another.

Table 1 Structure selection

Class

No. of

configurations

(NoC)

NoC after applying

criteria 1 + 2

NoC after applying

criteria 3 + 4

Resulting limb

configurations

3P 1 – – –

3R-1P 4 4 1 PR1R1R1

2R-2P 6 6 3 PR1R1P, PR1PR1,

PPR1R1

1R-3P 4 – – –

5R 5 5 – –

4R-1P 30 10 2 PR1R1R2R2,

PR1R2R2R1

3R-2P 30 – – –

2R-3P 10 – – –

Based on Kong and Gosselin (2007)
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Table 2 summarizes the different possibilities of joint alignments to achieve an

orthogonal assembly based on (Gogu 2009). The motion axis of the actuated

prismatic joint can be either parallel or perpendicular to the first rotational joint

axis. For the configurations No. 2-6 with two prismatic joints, an additional

criterion for the second prismatic joint is added. Due to the fact that in compliant

mechanisms a prismatic joint is replaced by a parallelogram structure based on four

revolute joints (cf. Sect. 2.1), the second prismatic joint within the limbs is labelled

as Pa.

The proposed selection scheme and the assembly restrictions lead to 11 structures

for translational micromanipulators with three DoF which can be further analyzed.

3 New Possible Structures

To give an impression of the derived limb configurations and the resulting parallel

kinematic structures, they are presented in Figs. 2 and 4 (Annex) in numerical order

according to Table 2. It is obvious that only revolute joints and parallelograms

based on four revolute joints as prismatic joints are used. The limbs are each

identically designed and orthogonally assembled. But to reduce the overall size of

the entire structure sometimes it is necessary to rearrange the actuated parallelo-

gram within the limbs. The actuated prismatic joints (attached to the fixed frame)

are marked by an arrow. Besides, in Fig. 2, the kinematic structure of one limb is

sketched in.

Table 2 Restrictions for orthogonal assembly

No. Configuration

Direction of prismatic joint axis

(actuated) within a limb (Gogu

2009)

Direction of prismatic joint axis

(non-actuated) within a limb

(Gogu 2009)

1 PR1R1R1
*) P || R1 –

2, 3 PR1R1Pa (1) P ┴ R1 and (2) P || R1 (1) Pa || R1 and (2) Pa ┴ R1

4 PR1PaR1 P ┴ R1 Pa || R1

5, 6 PPaR1R1 (1) P ┴ R axes of Pa and (1 + 2) Pa || R1

(2) P || R axes of Pa

7, 8 PR1R1R2R2 (1) P ┴ R1 and (2) P || R1 –

9,

10, 11

PR1R2R2R1 (1 + 2) P ┴ R1 and (3) P || R1 –

*)Additional assembly restriction (Kong and Gosselin 2007): all rotational joint axes are not

parallel to a plane
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4 Micromanipulator

Based on the previously derived structures a micromanipulator with three transla-

tional DoF is developed. A first draft of the micromanipulator is already given in

(Ivanov and Corves 2012). Within the mentioned paper different possible limbs are

considered, the PR1PR1 – configuration is chosen and a stiffness analysis is given.

Based on these results the MicMaC (MicroManipulator Cube) is built as shown

in Fig. 3. The limb design is split into two parts. The actuated parallelogram P is

separated from the contiguous components (R1PR1). Thus the two parts can be

separately manufactured by wire-EDM even though the entire limb structure is not

free of undercuts. To reach compact dimension of 180� 180� 180 mm3 the

actuators are nested inside the parallelogram P which is attached to the base. The

manipulator is driven by three Piezo LEGS® linear motors (resolution <1 nm).

The motor mounting also holds the linear encoder system from Renishaw (resolu-

tion 0.1 μm). All flexure hinges are circular notch joints. To avoid excessive stress

in the joints the working space of the micromanipulator is restricted to

�2�� 2�� 2 mm3.

Due to the accuracy of the used components the repeatability can be assumed

being in the submicrometre range. Nevertheless, the actual accuracy, as well as

parasitic deviations, remains to be investigated in further research.

Fig. 2 PR1R1R1 – configuration with exemplary kinematic chain of one limb
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5 Conclusions

In this paper a method for the systematic development of flexure hinge based

micromanipulators based on the constraint-synthesis approach was presented.

Firstly, the utilized joints and their manufacturing process were presented. Then

possible arrangements of the joints within a limb on the basis of several criteria

were shown. By assembling these limbs in different ways, 11 orthogonal structures

with a symmetrical architecture could be generated. Finally, based on a shown limb

configuration the high precision MicMaC micromanipulator developed at our

department was introduced.

Further developments should include the analysis of the developed structures to

enable a comprehensive comparison and hereupon to make a selection for a final

design. For this purpose different calculation algorithms (e.g. inverse kinematics,

Jacobian matrix) have to be derived and implemented. In addition, a detailed

consideration of stiffness properties in order to evaluate the positioning accuracy

is to be made. Also the actual accuracy of the presented high precision MicMaC

micromanipulator has to be validated and parasitic deviations have to be

determined.
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Fig. 3 MicMaC with PR1PaR1 – configuration
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Annex

Fig. 4 Schematic models of the different configuration according to Table 2
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Development of Adaptive Compliant Gripper
Finger with Embedded Actuators

A. Milojević and N.D. Pavlović

Abstract Developing a gripper that can grasp objects of widely varying shapes

represents a challenging task. Compliant mechanisms with embedded actuators are

one way to obtain the gripper which could accommodate its grasping surface to any

irregular and sensitive grasping object. This paper presents the new solution of

adaptive compliant gripper finger with embedded actuators. Embedded actuators

(within gripper finger structure) are able to morph shape of the grasping surface to

accommodate different objects. Novel approach to the synthesis of compliant

mechanisms with embedded actuators is also presented. The main contribution of

this approach is that optimization of the actuator placement is included in the design

process. It will be shown that gripper finger can achieve many complex grasping

patterns via embedded actuators.

Keywords Adaptive gripper finger • Compliant mechanism • Embedded

actuators • Shape morphing surface • Synthesis

1 Introduction

Developing a gripper that can grasp irregular and unpredictably shaped objects

represents a challenging task. Grasping objects of widely varying shapes and

surfaces essentially requires adaptability for safe and reliable gripping performance

especially when fragile objects of different stiffness are manipulated. Much

research has therefore been done to develop universal flexible grippers (Choi and

Koc 2006; Jain et al. 2013; Jung et al. 2013; Giannaccini et al. 2014; Martinez

et al. 2013; Ilievski et al. 2011; Araromi et al. 2014; Amend et al. 2012).

A flexible gripper design based on the use of compliant materials and internal

pressure was introduced in (Choi and Koc 2006). This type of grippers conforms to

the shape of an object by means of elastic gripping elements and pressurization. In

(Jain et al. 2013) compliance is added in a selective compliant assembly robot arm

(SCARA) in the form of a two ionic polymer metal composite (IPMC) fingers based
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micro gripper. Paper (Jung et al. 2013) presented adaptive gripping device called

the “Buckling gripper”. The key design principle of the Buckling gripper is inspired

by a caterpillar’s proleg that highly deforms depending on the shape of the contact

surface. This key principle is applied to the gripper via flexural buckling. In

(Giannaccini et al. 2014) soft cable-driven gripper was introduced, featuring no

stiff sections gripper is able to adapt to a wide range of objects due to its entirely

soft structure. Paper (Martinez et al. 2013) presented soft tentacles based on

micropneumatic networks spatially distributed at the interface of two different

elastomers. These composite elastomeric structures enable complex 3D motion of

the tentacles which was used to grip and manipulate objects with complex shapes.

In (Ilievski et al. 2011) soft starfish gripper was introduced. The gripper was

designed by using embedded pneumatic networks (Pneu-Nets) of channels in

elastomers that inflate like balloons for actuation. By actuating the individual

networks, the device could continuously change its shape from convex to concave

and thus can grip different shaped objects. Paper (Araromi et al. 2014) presented the

use of dielectric elastomer minimum energy structures (DEMES) as foldable and

compliant gripper mechanisms. DEMES consist of a prestretched dielectric elasto-

mer actuator membrane bonded to a flexible frame. The actuator finds equilibrium

in bending when the prestretch is released and the bending angle can be changed by

the application of a voltage bias. The proposed gripper design uses four

multisegment DEMES actuator arms of length 30 cm in a cruciform configuration

for secure target gripping and displays conformability to objects of varying shapes

and sizes (Araromi et al. 2014). Further investigation led to a completely different

approach to a universal gripper where individual fingers are replaced by a single

mass of granular material that, when pressed onto a target object, flows around it

and conforms to its shape (Amend et al. 2012). Most of these grippers require

external drive (compressed air or electrical motor) (Choi and Koc 2006;

Giannaccini et al. 2014; Martinez et al. 2013; Ilievski et al. 2011; Amend

et al. 2012), high voltage (Araromi et al. 2014) and assembling. Moreover, there

is no unique synthesis methodology.

One way to achieve adaptability is to use compliant mechanisms (Howell

et al. 2013). A compliant mechanism can be defined as a single-piece flexible

structure which uses elastic deformation to achieve force and motion transmission

(compliant mechanisms deform smoothly as a whole) (Howell et al. 2013). This

unique feature of compliant mechanisms is very promising option for the successful

realization of shape-adaptable structures and provides a novel means to morph

structural shape. Compliant mechanisms that change their shapes through structural

deformations offer many benefits: reduced complexity, no wear, ease of manufac-

ture, no assembly, better scalability, better accuracy, etc. Furthermore, compliant

mechanisms can overcome many disadvantages of different mechanical grippers

since the entire shape morphing structure is viewed as a compliant mechanism.

Synthesis of compliant mechanisms has been well studied in the past (Joo

et al. 2000; Saxena and Ananthasuresh 2000), but little attention has been directed

to problems related to synthesis of compliant mechanisms for shape morphing

applications (Lu and Kota 2003, 2005; Zhao and Schmiedeler 2013). Synthesis
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methods developed in (Lu and Kota 2003, 2005; Zhao and Schmiedeler 2013)

focuses on determination of optimal topology of compliant mechanisms so that they

can achieve the target curve profile. But these papers only focus on problems

regarding changing an initial shape to one target shape, where the final target

shape is determined ahead of time and specified by the designer. These methods

cannot be applied when developing a gripper that can adapt to unpredictably shaped

objects. There are many situations where the desired shape change might not be

known ahead of time and could be a function of the environment. For such

applications, shape morphing gripper structures should be adaptive and should

have a controllable response with exceptional manipulability.

This paper recasts the shape-changing problem as the challenge of how to design

an adaptive compliant gripper that is controllable and capable of achieving multiple

shapes. One such adaptive gripper could be formed as compliant mechanism with

inherent actuators and sensors (Fig. 1). By embedding actuators and sensors within

the compliant mechanism structure, gripper would be able to realize both sensing

(via sensors) and appropriate response (via actuators and internal structure) to the

unknown external environment, thus making the gripper adaptive. Such gripper is

biologically inspired and holds the potential to lead to tightly integrated, highly

functional, multi-purpose, adaptive system.

In this paper we pay more attention to the problem of embedding actuators since

the primary goal of the paper is to develop gripper that is capable of achieving

multiple grasping patterns i.e. to develop gripper that have structural adaptability.

By embedding actuators within a compliant gripper structure, gripper may be

capable of producing many complex deformations of the grasping surface

i.e. gripper would be adaptive.

Fig. 1 Conceptual design of a compliant mechanism with embedded actuators and sensors
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The algorithmic framework for distributed actuation and sensing within a com-

pliant active structure has been already developed in (Trease and Kota 2009), but

the proposed method often produces compliant mechanism with lot of intersections

between elements as well as elements and actuators, which are very difficult

(or nearly impossible) to manufacture. Beside this, intersection between elements

often increases complexity and stiffness of the structure which can significantly

lower the system functionality.

This paper presents the new solution of adaptive compliant gripper (in this paper

only one gripper finger) with embedded actuators. We also present an improved

design methodology for the simultaneous synthesis of compliant mechanism and

actuator placement. The design methodology is improved so that compliant systems

(compliant mechanism with embedded actuators) without intersecting elements are

obtained (unlike solutions obtained in (Trease and Kota 2009)). This represents one

novel approach to the synthesis of compliant systems. We will demonstrate that

obtained adaptive compliant gripper with embedded actuators may be capable of

achieving many different grasping patterns and thus having many advantages over

existing grippers.

2 Synthesis Methodology

To develop adaptive compliant gripper we use compliant mechanisms with distrib-

uted compliance (Joo et al. 2000), since the distributed compliance throughout the

compliant mechanism provides a smooth deformation field, which reduces

the stress concentration. The continuum synthesis approach is usually used for

the design of mechanisms with distributed compliance (Joo et al. 2000; Saxena

and Ananthasuresh 2000; Milojević et al. 2013). The synthesis methodology used in

this approach involves two stages: generation of the mechanism topology and

determination of optimum size, geometry, and shape of various constituent ele-

ments of the mechanism (dimensional synthesis). In this paper we pay more

attention to topology optimization, since this is more creative and difficult part of

the design process.

The allowable space for the design in a topology optimization problem is called

the design domain (Fig. 2a). The topology is defined by the distribution of material

and void within the design domain or as the pattern of connectivity of elements in a

structure (Fig. 2b). The continuum based approach focuses on the determination of

the optimal topology (the best material connectivity in a compliant structure). The

designer only needs to define the size of the design domain in which the mechanism

should fit, location of the supports, input and output ports, size of applied loads

(Fig. 2a) as well as properties of the material from which the mechanism should be

produced. Then, through the topology optimization, the optimal structural form

(optimal topology) of a compliant mechanism for a specified input force and output

deflection requirements is automatically generated (Fig. 2b).

36 A. Milojević and N.D. Pavlović



Adaptive compliant gripper could be seen as compliant mechanism with embed-

ded actuators; embedded actuators would provide the gripper with ability to achieve

multiple grasping patterns, thus making the gripper adaptive. In classical synthesis

approach, actuators are added after a compliant mechanism is already developed,

where determination of actuator placement is occurring outside the optimization

process at the designer’s option. In the literature the synthesis of single-actuator

mechanisms has mainly been considered (Joo et al. 2000; Saxena and

Ananthasuresh 2000; Lu and Kota 2003, 2005; Zhao and Schmiedeler 2013).

To develop an adaptive gripper, the structural topology of a compliant mecha-

nism and actuator placement must be simultaneously synthesized (actuator type,

orientation, size and location must be integrated as variables in the design process).

Here actuator placement affects the structural topology of a mechanism and vice

versa. Moreover, multiple actuators must be used. When multiple actuators are

used, the question of control of such system must be considered. Incorporating

control during the optimization process can enhance the controllability of an

adaptive system. Central to this method is the concept of structural orthogonality,

which refers to the unique system response for each actuator it contains (Trease and

Kota 2009). These concepts (controllability and structural orthogonality) represent

the structural adaptability of the system and are explored in detail in (Trease and

Kota 2009).

In (Milojević et al. 2013) we have developed computer-coded algorithm for

synthesis of compliant mechanisms with distributed compliance, and improved the

topology optimization technique in (Milojević and Pavlović 2013). To develop

adaptive compliant gripper we modify our computer-coded algorithm so that

actuator placement is also included in the synthesis process. Actuators, modeled

as both force generators and structural compliant elements, are included as topology

variables in the optimization. We also incorporate control in the synthesis process

through the use of structural orthogonality concept.

The outline of the methodology that we use for developing adaptive compliant

gripper with embedded actuators is shown in a pictorial example (Fig. 3). First the

Fig. 2 Synthesis of compliant displacement inverter in which the input force Fin and the output

displacement Δout are in opposite directions: (a) design domain; (b) optimal topology of compliant

displacement inverter (deformed position is shown with dash lines) (Lu and Kota 2005)
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problem specifications are defined only for one gripper finger (Fig. 3a and Table 1).

These includes: size of the design domain, grasping surface (left boundary of the

design domain) and number of output points (three output points are chosen to

represent the output region where horizontal direction is set to be the desired

direction of the output deflection), supports (the bottom boundary of the design

domain – one part only), property of the material (Young modulus) from which

the mechanism should be built and other constraints such as minimum value of the

output deflection dactmin;target and total element length Lt which is equivalent to the

volume constraint. All the design parameters are given in Table 1.

Fig. 3 The steps in the synthesis methodology: (a) problem specifications; (b) parameterization

(intersections between elements are indicated by red dots); (c) optimized topology of adaptive

compliant gripper finger with embedded actuators (actuators are indicated by red lines)

Table 1 Design specification

for developing adaptive

compliant gripper with

embedded actuators

Design parameters

Design domain 120 mm� 80 mm

Grid size 5� 5

Degree of nodal connectivity 4

Number of beam elements 168

Element modulus Eel¼ 2.48 GPa

Actuator modulus Eakt¼ 500 MPa

Actuator block force 90 N

External load 0.1 N

Element out-of-plane thickness 1.5 mm

Element thickness choice 0.5, 1, 1.5 mm

Thickness of shape morphing surface 0.5 mm

38 A. Milojević and N.D. Pavlović



Next the design domain is parameterized (Fig. 3b). The physical design space

must be broken down so as to be represented by a set of variables that an optimizer

can act on. Since we use compliant mechanisms with distributed compliance

(Milojević and Pavlović 2013), the Grounded Structure Approach (GSA) (Joo

et al. 2000; Saxena and Ananthasuresh 2000; Milojević et al. 2013) is used for

the parameterization. Therefore, the prescribed design domain is divided into a

number of nodes, and a network of beam elements connecting these nodes serves as

an initial guess. The design variables are the thickness of each element and variable

that marks the element selected to be actuator in a given structure; this variable has

a value between 1 and the total number of elements (Table 1). The linear actuator

model is used where at the ends of the beam axial force, equal to the block force

(Trease and Kota 2009), is applied. A thickness value of zero deactivates the

element, removing it from the structure; other values represent thickness values

(Table 1). It is important to note that we used partially connected ground structure

(Fig. 3b) i.e. the ground structure that is not “fully connected” (not all the nodes in

the ground structure are interconnected). A fully connected structure can lead to

overlapping elements that are difficult to produce. Thus, certain filters (as -

computer-code) are used to eliminate the overlapping elements. In addition, the

degree of nodal connectivity (Milojević and Pavlović 2013) is defined as well

(Table 1).

When using the partially connected ground structure the solutions with

intersecting elements are obtained (Joo et al. 2000; Milojević et al. 2013) where

elements and actuators would intersect also (Trease and Kota 2009). Producing a

structure with intersecting elements as well as actuators is very difficult. Moreover

intersections between elements often increase complexity and stiffness of the

structure which can significantly lower the system functionality. This deficiency

has motivated us to improve the existing topology optimization technique (Trease

and Kota 2009) so that the intersections between elements as well as actuators

would be eliminated in the process of optimization. We apply the same ide as in

(Milojević and Pavlović 2013), but now for the problem of synthesis of adaptive

compliant gripper with embedded actuators. All the parameters regarding the

parameterization are given in Table 1.

After the parameterization is done, search method is applied to find the optimal

compliant mechanism with embedded actuators. Because of the broad design space

and number of elements, topology synthesis problems are solved with optimization

methods. The goal of the optimization in the synthesis of compliant mechanisms

with embedded actuators is to minimize the actuator number and maximize struc-

tural adaptability of a compliant system (maximize controllability (Trease and Kota

2009)) while meeting given constraints. By maximizing controllability gripper will

be able to achieve multiple grasping patterns of its shape morphing surface. Three

actuators are required minimally to fully control the three output points (Fig. 3a).

Thus, the number of actuators is held constant during the optimization, rather than

minimized. To achieve a desired goal in the process of optimization, an objective
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function is needed. The objective function we used for the synthesis of the adaptive

compliant gripper with embedded actuators is:

maximize
ηC � w1 � d act

min, target � d act
min

� �
� w2 � dextmax

�� ���
�w3 � Lt � Ltarget

�� ��� w4 � nint

" #
: ð1Þ

where: ηC is controllability (Trease and Kota 2009), w1, w2, w3 and w4 are relative

weighting constants, d act
min, target ¼ 1 mm is the minimum value of the output

deflection, dactmin is the displacement of the output points (Trease and Kota 2009),

dextmax is the displacement of the output points caused by external loading (the

external load is applied at all three output points, all at once) (Trease and Kota

2009), Lt is total element length, Ltarget¼ 721.1 mm is the desired total element

length (Trease and Kota 2009) and nint represent the total number of intersections in

the structure (Milojević and Pavlović 2013).

All objective function terms and constraints are calculated from the results of the

linear finite element analysis (FEA), implemented in the computer-coded

algorithm.

When the parameterization is discrete i.e. elements are either on or off, the

discrete optimizations methods are used, of which Genetic Algorithms

(GA) (Reeves and Rowe 2002) are applied here. The genetic algorithm parameters

used in the synthesis of the adaptive compliant gripper are: initial population of

200 designs, total number of 1,000 generations, roulette selection function, cross-

over probability of 95 %, elite count of 2 members, and mutation probability of 9 %.

To obtain the adaptive compliant gripper with embedded actuators more than

20 GA’s are run. The optimization process starts with 168 beam variables and total

number of 1,664 intersections in the initial ground structure (Fig. 3b). Figure 3c

shows the result for the best of population of 210 over 1,000 generations. This

obtained solution contains the compliant structure in which some of the elements

are eliminated and some chosen as actuators in the process of optimization. The

remaining elements together with elements selected to be actuators define the

optimal topology of the adaptive compliant gripper finger. High controllability

(ηC¼ 97.57 %) of a compliant system is achieved. The results demonstrate that

all the constraints are satisfied as well. Unlike solutions in (Trease and Kota 2009)

here the compliant system without intersections is obtained (Fig. 3c). This means

that totally 1,664 intersections are eliminated in the process of optimization.

3 FEMAnalysis of the Adaptive Compliant Gripper Finger
with Embedded Actuators

Based on the obtained solution (Fig. 3c) 3D solid model of the adaptive compliant

gripper finger with embedded actuators was designed (Fig. 4a). Instead of using real

actuators, here the actuators were modeled as thin elastic elements (in a form of a
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spring) that allow the actuation (Fig. 4a). We decided to model only one finger of

the gripper as the fingers in two-fingered or multi-fingered gripper would have the

same behavior.

To investigate adaptability of the compliant gripper finger to different shapes of

the gripping objects FEM simulations were performed (ABAQUS software was

used). As boundary condition fixed support was applied at immobile part of the

gripper finger (Fig. 4a). To simulate the contraction of the actuators, as input a

displacement of �5 mm (stroke of actuator) in the direction of the actuators axis

was introduced at the both ends of the all actuators (Fig. 4a) while the vertical

displacement is set to be 0. In this paper both actuators that contract and actuators

that extend are simulated. To show the capability of the gripper finger to produce

Fig. 4 Design of adaptive

compliant gripper finger

with embedded contracting

actuators (a) and FEM

results when actuator 1 (b),
actuator 2 (c) and actuator

3 (d) is active
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multiple shapes of its shape morphing surface the FEM simulations were performed

without any grasping object. Figure 4 shows the results when contracting actuators

are used.

The FEM results show that two main grasping patterns could be created:

‘convex’ (Fig. 4c) and ‘concave’ patterns (Fig. 4d); when actuator 2 is active an

object of convex shape could be grasped (Fig. 4c), and when actuator 3 is active an

object of concave shape could be grasped (Fig. 4d). Also actuator 1 could be used to

accommodate the grasping surface of the gripper finger to different irregular shapes

of the grasping object. Different grasping patterns could be achieved with different

combinations of active actuators (Fig. 5). The results (Fig. 5) show that gripper

Fig. 5 FEM results for

combination of different

active actuators:

(a) actuators 1 and 2;

(b) actuators 1 and 3;

(c) actuators 2 and 3;

(d) actuators 1, 2 and 3
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finger has capability to grasp objects of different shapes and sizes, for example

when using combination of actuator 1 and actuator 2 concave-convex objects could

be grasped (Fig. 5a).

Another set of FEM simulations were performed, but now with extending

actuators (Milojević et al. 2014). The FEM results are shown in Fig. 6. The same

as in the previous case (when contracting actuators are used) two main grasping

patterns could be created: ‘concave’ patterns (Fig. 6c) and ‘convex’ (Fig. 6d). The
difference is that now when actuator 3 is active an object of convex shape could be

grasped (Fig. 6d), and when actuator 2 is active an object of concave shape could be

grasped (Fig. 6c). The FEM results for combination of different active contracting

actuators are shown in Fig. 7.

Fig. 6 Design of adaptive

compliant gripper finger

with embedded extending

actuators (a) and FEM

results when actuator 1 (b),
actuator 2 (c) and actuator

3 (d) is active (Milojević

et al. 2014)
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Combinations of extending and contracting actuators could be used to achieve a

variety of different shapes of the gripper finger shape morphing surface. Some

characteristic shapes that could be grasped with combinations of actuators that

extend and actuators that contract are shown in Fig. 8.

For different stroke of actuators, objects of different size could be grasped. For

example, when actuator 2 is active (Fig. 4c) for different stroke of actuator

(1, 2 mm, . . .) convex objects of different radius could be grasped (Fig. 9). This

is also the case when actuators 1 and 3 are active and with different combinations of

active actuators.

In the design of the gripper finger presented in this paper, actuators with stroke

larger than 5 mm (at both ends) could be used; the stroke is limited by the space in

Fig. 7 FEM results for

combination of different

active extending actuators:

(a) actuators 1 and 2;

(b) actuators 2 and 3;

(c) actuators 1 and 3;

(d) actuators 1, 2 and

3 (Milojević et al. 2014)
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Fig. 8 FEM results for

combination of different

active extending and

contracting actuators:

(a) actuators 1 (extending)

and 2 (contracting);

(b) actuators 1 (extending)

and 3 (contracting);

(c) actuators 1 (extending),

2 (contracting) and

3 (contracting);

(d) actuators
1 (contracting),

2 (extending) and

3 (extending)

Fig. 9 Objects of different radius that could be grasped when actuator 2 is active



which actuator should fit. Actuator 1 and 2 could have the stroke of up to 10 mm

(at both ends) and actuator 3, up to 60 mm.

To verify the FEM results, physical prototype of the adaptive compliant gripper

finger was made (Fig. 10). The gripper finger model was made from HDPE plastic

(high density polyethylene E¼ 0.5 GPa) throughout milling process using the CNC

machine. The same as in simulations instead of embedding real actuators we used

Fig. 10 Produced gripper

finger (a) and its adaptable

behavior when contracting

actuator 1 (b), actuator
2 (c) and actuator 3 (d)
is active
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thin elastic elements (in form of a spring). Figure 10 shows the produced gripper

finger. The adaptable behavior of produced gripper finger (Figs. 10 and 11) is in

good agreement with the results obtained by FEM analysis.

4 Conclusions

This paper presents the adaptive compliant gripper finger which has capability to

adapt to different grasping objects via embedded actuators. With the introduction of

multiple, optimally placed actuators our work focuses on developing gripper that

has ability to achieve any shape required of the gripper.

Fig. 11 Produced gripper

finger (a) and its adaptable

behavior when extending

actuator 1 (b), actuator 2 (c)
and actuator 3 (d) is active
(Milojević et al. 2014)
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The synthesis of compliant mechanism and actuators in one system is the main

contribution in developing adaptive robotic gripper finger that can achieve

unknown target shape changes. We improved the existing design methodology

for simultaneous synthesis of compliant mechanism and actuator placement so

that compliant systems without intersecting elements were obtained. This repre-

sents one novel approach to synthesis of adaptive compliant systems.

The FEM results demonstrate that by embedding actuators within the gripper

finger structure the developed adaptive compliant finger has ability to produce

many complex grasping patterns (gripper finger can accommodate its surface to

many different grasping objects), thus having many advantages over existing

grippers. The physical prototype was manufactured and tested. The results are in

good agreement with results obtained by FEM analysis.

The method for developing gripper finger utilized in this paper is new and

original principle for achieving adaptive grasping. The main difference between

design presented in this paper and previously established gripper lies in: gripper

structure and embedded actuators as monolithic structure, simple manufacturing

process, low cost and easy adaptation to any irregular object shape. It is possible to

make this gripper finger in micro domain too. In general, the results indicate that the

adaptive compliant robotic gripper finger developed in this paper is a good starting

point for further development and investigation.
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Overview and Classification of Flexure Hinge
Based Micromanipulators

D. Schoenen, I. Prause, S. Palacios, and B. Corves

Abstract It is difficult to find a comprehensive classification containing all aspects

of robots, not to mention of micromanipulators, in present literature. With the focus

on design and kinematic attributes, the objective of this paper is to create a

classification of robots which can also be applied for micromanipulators. The

different attributes are identified and discussed. Existing micromanipulators are

grouped according to this classification scheme and a clear overview of their

specific structural characteristics and performance is given. Thus three different

groups of micromanipulators can be identified.

Keywords Micromanipulator • Overview • Classification • Compliance • Flexure

hinge

1 Introduction

General technological development and better knowledge of compliant mecha-

nisms increase the growth in compliant mechanisms applications (Howell

et al. 2013). This is due to many advantages of compliant mechanisms like the

monolithic structure, which induces reduced assembly, reduced wear, reduced need

for lubrication and weight reduction. This enables not only close to zero backlash

and frictionless motion but also significant potential for miniaturization and

increased performance such as, e.g. high precision (Howell 2001). The disadvan-

tages are undesired rotational and/or translational parasitic effects, deviation in

motion, difficulties in analyzing and designing compliant mechanisms and the

limited range of motion (Howell 2001). But for high precision parallel microma-

nipulators with a workspace typically in the millimeter range and macroscopic

dimensions the mentioned disadvantages can be compensated by the use of preci-

sion flexure hinges. Thus the main focus of this paper lies on flexure hinge based

micromanipulators.
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In Sect. 2 a general classification of robots, especially for micromanipulators, is

introduced. The classification scheme focuses mainly on attributes of the design and

kinematics of robots. The classification is applied for existing micromanipulators

and specific characteristics of these micromanipulators are listed in Sect. 3. Finally,

Sect. 4 gives a brief conclusion of the paper and a perspective on further research

projects.

2 Classification According to Design and Kinematics

In this chapter a classification of robots, especially of micromanipulators, is intro-

duced. In general, robots can be classified according to their design and kinematics

without considering their application and function. Important aspects are shown in

Fig. 1 and are discussed in more detail in the following paragraphs. The classifica-

tion scheme is based on (Bleicher 2003; Cao et al. 2013; Corves and Müller 2013;

Haun 2007; Naval 1989; R€ose 2011) and on analyses of existing mechanisms. To

show the differences between a classical robot and a micromanipulator, those parts

of the classification which are relevant for micromanipulators are highlighted.

2.1 Components of a Robot

As shown in Fig. 1 there are various important components of a robot. The

mechanical structure includes the frame, limbs, joints and other necessary mechan-

ical parts like springs or dampers. Limbs are connected to each other and to the

frame through joints. Joints give the structure a certain degree of freedom and allow

translational and/or rotational motion between the limbs. Basic joints are the

prismatic joint (P) and the revolute joint (R). Further joints are combinations of

these joints, for example, the universal joint (U) or the spherical joint (S). One of
the benefits of a flexure hinge based micromanipulator as aforementioned is the

monolithic structure of the limbs. Thus the different components of the mechanical

structure of a micromanipulator are linked permanently without any backlash and

cannot be disassembled like structures with conventional joints. Nevertheless,

joints and limbs can be distinguished as long as the compliances of the structure

are concentrated at certain points, representing the joint axes. The actuator trans-
forms the provided power into a translational or rotational motion. For this reason,

actuators are basically divided into rotary and linear actuators. Furthermore, actu-

ators can be classified according to the form of energy that is used to generate a

motion. Because of the limited range of motion of flexure hinges it is not possible to

actuate a rotational axis directly in an appropriate accuracy range. Thus rotational

axes of high precision micromanipulators are mostly driven by precise translational

actuators in combination with a lever arm. The end-effector is the last element of

the kinematic chain of a robot and is supposed to interact with its environment.
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As micromanipulators are used for high precision positioning, generally no special

devices such as grippers or other tools are necessary. The measurement system,
the control system and the software are important parts of a functioning robot, but

not that important for the classification, because these aspects can be changed

independently from the design and kinematics of a robot. Depending on the

intended application, occasionally the electronic components of a micromanipula-

tor have to be suitable for vacuum or other harsh environments.

2.2 Mobility

According to (Naval 1989), robots can be classified into stationary, movable and

mobile robots. High accurate micromanipulators are delicate and sensitive due to

the small aspect ratios of the flexure hinges. Therefore, such systems are not used

for movable applications.

2.3 Energy Supply

For classical robots the energy supply can take various forms. Stationary robots are

conventionally grid-connected. Movable or mobile robots need an energy storage
or autonomous internal energy supply. Micromanipulators are primarily used

stationary and therefore, a grid-connected energy supply is suitable.

2.4 Structural Shape

Two aspects of the structural shape of a robot are regarded: the dimension and the

architecture. With regard to the dimension, a robot can be planar (p) or spatial (s).
A planar robot moves in a pre-defined plane. In this case, all motion axes are

parallel to each other. A spatial robot moves in a three-dimensional space, not all

motion axes are parallel. A special form of a spatial robot is a spherical robot whose

motion axes intersect all in one common point. Furthermore, a robot has either a

symmetric (s) or an asymmetric (a) architecture. A symmetrical mechanism is

composed of a moving platform connected to the base with geometrical symmetry

by several identical legs. Mechanisms that do not meet the above-mentioned

criteria are asymmetric. This classification can be applied to parallel mechanisms

(Cao et al. 2013) and is valid also for parallel micromanipulators.
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2.5 Movability

The movability of a robot, in particular also of a micromanipulator, is primarily

defined by the degree of freedom (DoF) and the determination of the mechanism.

If the degree of freedom is equal to the number of actuators, the robot is determined
(d). Sometimes it is useful to design a redundant (r) or an underactuated
(u) mechanism, i.e. the degree of freedom is different to the number of drives. An

underactuated robot has less drives than necessary for a determined mechanism,

whereas a redundant robot exhibits more actuators than its degree of freedom

(actuation redundancy (ar)) (Garg et al. 2009; Pierrot 2002). The other type is the

kinematic redundancy (kr). Further kinematic chains, possessing the same degree of

freedom as the entire structure, are assembled additionally to increase the stiffness.

2.6 Kinematic Structure

There are two possible kinematic structures of robots: serial (s) and parallel (p).
The combination of these two structures results in a hybrid (h) structure. Serial

kinematic structures consist of open kinematic chains, whereas parallel structures

exhibit closed kinematic chains. Only parallel and hybrid structures can be found

among micromanipulators. This is due to the already mentioned fact that rotational

axes cannot be actuated directly.

2.7 Workspace

Each robot has a particular workspace. The workspace defines the space the robot is

able to reach in order to perform all desired tasks. The size and the shape of the

workspace depend on the design and kinematic structure of the robot.

3 Overview of Developed Micromanipulators

The existing micromanipulators are grouped according to the classification made in

the previous chapter and the main characteristics are specified in Table 1 (Please see

Fig. 1 for the used abbreviations).

Firstly, the micromanipulators are grouped according to the place of development.

There are four important universities who already manufactured prototypes of micro-

manipulators: the École Polytechnique Fédérale de Lausanne in Switzerland (I),

Nanyang Technological University in Singapore (II), National Taiwan University

in Taipei (III) and the Technische Universität Braunschweig in Germany (IV).
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The list also provides – as far as possible – information concerning the mechanical

structure (1). An underlined letter corresponds to the actuated joint within one limb.

The structural shape of the manipulators is described by the architecture (2a) and

dimension (2b). Both the translational and rotational DoFs (3a) are specified to

describe the movability together with the degree of determination (3b). In addition,

the kinematic structure is specified (4).

To compare the performance of different manipulators the accuracy is plotted

against the arithmetic mean of the working stroke along the Cartesian axes of the

manipulator’s workspace with double logarithmical scale (cf. Fig. 2). This allows

the comparison of planar and spatial structures. The arithmetic mean of the edge

length of the installation space of the micromanipulators is the third dimension of

the plot and is represented by the area of the circle. The information about the

accuracy of the different manipulators varies. Figure 2 is only a qualitative com-

parison, since some authors provide values for the absolute accuracy and others use

the repeatability to describe the performance of the manipulators.

Figure 2 shows that there are three main groups of micromanipulators. The first

group comprises the ultrahigh precision nanomanipulators with highly limited

working space. For example the 6-PSSS compliant mechanism discussed in

(Tung-Li Wu et al. 2008) provides an 8� 8� 8 μm3 workspace with a resolution
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Fig. 2 Performance comparison of developed micromanipulators (the arithmetic mean of the

edge length of the installation space is represented by the area of the circle)
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of 5 nm. The (major) second group represents micromanipulators with high accu-

racy and a workspace in the millimeter range. The range for the minimum

workspace and accuracy are shown in Fig. 2 (gray area). The Agietron micro-

nano is a sample of this group. With a 10� 10� 10 mm3 workspace it can position

objects with an accuracy of 0.16 μm in average (Lubrano and Clavel 2010). The

third group is represented, for example, by the TRIGLIDES. It has a

112� 112� 112 mm3 workspace with an average repeatability of 0.3 μm. This

group comprises precision manipulators with an increased range of motion. The

large workspace in case of the TRIGLIDES is achieved by using shape memory

alloy to increase the range of motion of the flexure hinges themselves up to �30�

(up to tenfold increase) (Raatz 2006).

4 Conclusions

In this paper, a comprehensive classification for robots was developed which is also

valid for flexure hinge based micromanipulators. Different design and kinematic

attributes were identified and discussed for micromanipulators. The developed

classification was applied to list existing micromanipulators. The performance

comparison of different micromanipulators has shown that three groups of micro-

manipulators can be distinguished: (1) ultrahigh precision nanomanipulators with

highly limited workspace, (2) micromanipulators with high accuracy and a

workspace in millimeter range and (3) precision manipulators with an increased

range of motion. A systematical analysis of suitable structural designs has to be

performed to enable new developments of flexure hinge based micromanipulators.

Furthermore, a stiffness analysis of suitable structural designs is required to ensure

high precision.
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Axis Cross-Coupling Reduction on a High
Bandwidth XY Flexure Stage

A. Ruiz, F.J. Campa, O. Altuzarra, V. Petuya, C. Pinto, and A. Hernández

Abstract Flexure stages are widely used in the field of micro and nanopositioning

because of their repeatability and precision, which is due to the lack of joints that

induces uncertainty. In the present Twork, a XY flexure stage has been analyzed and

redesigned to reduce the axis cross-coupling, which is due to a parasitic motion in the

amplification stage of the mechanism. The performed modifications result in a high

reduction of the undesired motion, while maintaining a similar amplification and

natural frequencies. The main advantage of the redesign is that the cross-coupling

reduction is achieved mechanically, instead of using the position control loops.

Keywords Micro/Nanopositioning • Flexure stage • Compliant mechanisms •

Mechatronics

1 Introduction

At present, flexure nanopositioning stages actuated by piezoelectrics are devices

that have found many high technological applications in advanced scientifical

instrumentation, microscopics, litography, nanometrology, optic systems and

assembly of nanostructures (Kim and Choi 2012). Through the controlled defor-

mation in several points of their monolithic structure, these compliant mechanisms

allow generating motions with great repeatability, precision, speed and a high

bandwidth. Those flexible points are flexure joints, that substitute the traditional

joints used in typical mechanisms overcoming the problems they usually suffer, as

friction, clearances, hysteresis and wear (Yong et al. 2012). They are usually

manufactured using wire electro-discharge machining, where the grooves define

the profile of the compliant mechanism.

Furthermore, these compliant mechanisms can be designed with a serial kine-

matic chain or a parallel kinematic chain to achieve several degrees of freedom

(dof) in the end effector or platform of the mechanism. There are developments to
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generate motions with 1 dof (Kim and Choi 2012), 2 dof (Wang et al. 2011; Yong

et al. 2009), 3 dof (Kim et al. 2010; Hassani and Tjahjowidodo 2013; Kenton and

Leang 2012), or 6 dof (Liang et al. 2011; Dunning et al. 2013). In their design, there

are usually two different parts: an amplification stage, responsible for amplificating

the deformation of the piezoelectrics, and the guiding stage, which guides the

platform or end effector of the mechanism along the directions defined by the

degrees of freedom of the mechanism (Kim et al. 2010).

Nevertheless, the main drawbacks of these mechanisms are a more complex

design, because we have to control the elastic deformation of the joints, and the

appearance of parasitic motions. Due to their geometrical configuration this

undesired motion is a coupled motion. These motions can be compensated by

control, although it is always better to have an optimized mechanical design as a

starting point. To achieve this, there are several rules, as the use of symmetric

configurations or parasitic motion cancellation mechanisms (Kim et al. 2010). In

the present paper, some of these rules will be applied to a high bandwidth

nanopositioning stage to decrease the axis cross-coupling.

2 Description of the XY Flexure Stage Mechanism

Although the dimensions are not exactly the same the initial design of the stage

studied within this paper is extracted from the work of Yong et al. (2009), see Fig. 1.

This stage mechanism consists of three main parts.

First, the outer section provides an amplification of the piezoelectric displace-

ments, s1 and s2, by means of an amplification lever and circular flexures. This type

of flexure is selected because it provides more accurate rotational motions. With the

length of the levers, the motion of the two piezoelectrics can be amplified directly to

the X and Y axes, see Fig. 2.

The second part is the inner section, which is the XY stage itself. Due to the

symmetric arrangement of its thin webs it generates the XY motion of the platform.

Fig. 1 Studied XY

nanopositioning stage
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This part of the stage is initially designed to minimize the coupling between the X

and Y motions. For that reason, it has four pairs of beam flexures that they are rigid

along the direction of the motion but flexible in the axis perpendicular to the

motion, see Fig. 3.

Finally, the third part is the fixed frame, which is fixed to the base surface not

allowing any type of movements in this part of the structure, see Fig. 4.

To analyze the performance of the stage, ANSYS has been used to perform

several analyses, obtaining the main features of the XY flexure stage. Firstly, the

amplification factor, which is the motion in the platform divided by the

Fig. 2 Outer section: amplification stage

Fig. 3 Inner section: XY stage
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displacement of the actuator in the same direction (x/s1 or y/s2). A value equal to

3.45 is obtained. Secondly, the cross-coupling factor, which is the motion in the

platform divided by the displacement of the actuator in the perpendicular direction

(x/s2 or y/s1). A factor equal to 0.035 is obtained.

Also, the modal analysis reveals that the first resonance frequency appears at

1,769 Hz.

An aluminum alloy 7,075 with a Young modulus E¼ 72 GPa, a Poisson’s ratio
of 0.33 and a density of 2.81 g/cm3 was assigned to the stage to perform the

different analyses.

Although the reached amplification and the first natural frequency are satisfac-

tory, the axis cross-coupling in open-loop control is too high for the precision

requirements that these mechanisms must fulfil.

This undesired motion, which is represented on the right side of Fig. 5, happens

mainly because of the rotation of the lever in the amplification stage and is a typical

drawback of this kind of amplification mechanisms.

Fig. 4 Fixed frame

Fig. 5 XY axes cross-coupling main reason: parasitic motion in a lever type amplification

mechanism
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3 Mechanical Redesign to Minimize Cross-Coupling

In order to minimize the cross-coupling between X and Y axis, the following

changes were made to the initial design.

First, instead of connecting directly the end of the lever arm to the second stage,

an intermediate beam connected by two circular flexure hinges at its ends was

added. The result is that the parasitic motion of the lever is somewhat absorbed by

the rotation of the intermediate beam, see Fig. 6.

Second, to reduce the parasitic motion even more, a new layout with two

symmetrical lever arms and intermediate beams has been designed. As it is

shown on the right side of Fig. 7, the benefit of this layout is the total cancellation

of the parasitic motion of the lever arms. However, the design is more complex as

there is a new translation component pulling the lever arms at the same time, whose

deflection must be controlled in order to propagate the motion correctly.

To obtain the dimensions of the elements in our stage, we have treated our

problem as planar kinematics one, where the velocities can be assimilated to the

Fig. 6 Redesigned amplification stage with intermediate beam

Fig. 7 Redesigned amplification stage with parasitic motion cancellation based on twin levers:

(Left) Horizontal displacement. (Right) Cancellation mechanism

Axis Cross-Coupling Reduction on a High Bandwidth XY Flexure Stage 65



small deformations. Making the appropriate calculations, we arrive to the conclu-

sion that the maximum amplification which we can obtain is 5,449, see Fig. 8.

Finally, an optimization of the thickness of all the circular flexure hinges was

made. To perform this, we compare our results obtained with FEM with the values

from analytical equations and experimental results.

A special mesh in all circular flexures has been used to obtain more accurate

results, see Fig. 9. A mapped meshing technique was used instead of a “smart”

meshing because it provides better control of the distribution and size of elements in

an area. It is useful in areas where stress concentrations and high deformations exist

(Yong et al. 2008).

Fig. 8 Planar kinematics problem: obtaining of dimensions

Fig. 9 Mapped mesh of circular flexures
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In the Table 1, the similarity between the results obtained with the different

methods for a specific case, can be observed.

In our work, a range of thicknesses for a radius of 0.65 mm was studied in order

to reach an acceptable compromise between the amplification achieved and the

stiffness of the stage. Circular flexure hinge design equations (Yong et al. 2008)

were used to study the compliance of the flexures for the whole 0.05< t/R< 0.65

range (R is the radius and t is the neck thickness). Once all the results were

analyzed, it was concluded that the optimum dimensions for the circular flexure

hinges to fulfill our requirements were: radius equal to 0.65 mm and thickness equal

to 0.3 mm, with a structural thickness in the mechanism equal to 12.7 mm.

Applying all these changes in the initial design, we arrive to the following

resulting design, see Fig. 10.

In the Fig. 11, we can observe the displacement in the Y direction in our

redesigned stage.

Table 1 Comparison of

results (joint R¼ 3 mm;

t¼ 0.5 mm; b¼ 12.7 mm;

aluminum 7,075)

Experimentala Theoretical FEM

KT (Nm/rad) 6.289 6.682 6.695

KY (N/μm) 0.677 0.659 0.89

KX (N/μm) – 194.381 166.12
aExperimental values obtained from the article “Comparison of

circular flexure hinge design equations and the derivation of

empirical stiffness formulations”

Fig. 10 Redesigned

amplification stage with

parasitic motion

cancellation based on twin

levers
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4 Results

Once the correct meshing was made, it was implemented again a static structural

analysis and a modal analysis to obtain the amplification factor, the cross-coupling

factor and the resonance frequencies of the structure. The purpose of this is to

compare with the initial design and obtain the benefits than the redesign introduce

in the system.

In the static structural analysis, several force steps in the range of [0–400] N are

applied to the face where the piezoelectric actuator acts. Then the displacement of

this face and in the center of the platform in X and Y directions were measured.

Thus, it was possible to calculate the axis cross-coupling and the amplification

factor.

With our new XY flexure stage, the parasitic motion suffers and important

reduction, around a 90 % from the initial stage. The benefits of using our redesign

to reduce the cross-coupling are noticeable, as can be seen in Fig. 12, where is

represented the parasitic motion in the platform against the displacement of the

actuator.

Comparing the desired motion between the initial design and the new redesign,

we can observe that the amplification in the second case is smaller than in the initial

structure, see Fig. 13, where is represented the desired motion in the platform

against the displacement of the actuator. The main cause is the shorter length of

the lever in the redesigned stage, in order to maintain a similar size between the

initial and the new mechanism.

After performing the modal analysis, it can be observed that the frequencies

appear in pairs, due to the symmetry of the structure in the XY directions, see

Fig. 11 Redesigned stage:

displacement in the Y

direction
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Fig. 14, where is represented the first and the second resonance frequencies of each

flexure stage. It is estimated that the obtained value for the first resonance frequency

of 1,522 Hz will allow reaching the desired high bandwidth, that is, in the range of

100–300 Hz in a closed-loop system.

To sum up the results obtained in the different analysis the main features of the

different stages are shown in the Table 2.

As it can be seen in Table 2, a similar amplification and first resonance frequency

are achieved with the new design while decreasing the cross-coupling by a factor of

10, which was the main objective of this work to fulfill the requirements of accuracy

of this type of stages.
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5 Conclusions

The main contributions of the present paper are:

• A flexure XY stage for high bandwidth nanopositioning has been analyzed and

the causes of its high axis cross-coupling have been determined: the parasitic

motion of the lever arm in the amplification stage induces an undesired motion

of the guiding mechanism.

• A redesign of the initial mechanism has been done, focusing on three main

aspects:

1. Addition of a new beam that links the lever arm and the guiding mechanism,

reducing the pulling force of the lever onto the guiding mechanism and

absorbing part of the parasitic movement.

2. Symmetrical layout, with two lever arms and linking beams for each axis that

cancels the parasitic motions of the amplification stage.

3. New dimensions for the flexure joints, finding a compromise between the

amplification reached and the stiffness, which limits the first modal frequency

and, thus, the bandwidth of the mechanism.
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Fig. 14 Estimated frequency responses of the stage

Table 2 Results obtained for each stage

Initial stage Redesigned stage

Amplification factor (x/s1; y/s2) 3.45 3.13

Cross-coupling factor (y/s1; x/s2) 0.0349 0.004

1st natural frequency [Hz] 1,769 1,522
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• The static and modal analysis performed by Fem of the redesign shows a similar

amplification and first natural frequency, but reduces the axis cross-coupling by

a factor of 10 from the initial value. The straightness, cross-coupling divided by

amplification, is reduced from a 1.012 % of the desired motion to a 0.128 %.

• This cross-coupling reduction is achieved mechanically instead of using the

control

Further work will consist on improving our stage with new changes in the

structure and manufacturing and testing a prototype, to validate the promising

results shown by the performed analysis.
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Some Structural and Kinematic
Characteristics of Micro Walking Robots

Adr. Comanescu, I. Dugaesescu, and D. Comanescu

Abstract The micro-robots are generally characterized by reduced dimensions and

a mono-mobile mechanical structure. This includes mechanisms acted by a single

motor and consequently one input and multiple outputs. Such micro-robots have a

fixed displacement strategy. Their structure may include mechanisms with bars or

complex ones with gears, cam and bars. The systems may be equipped with various

types of sensors such as tactile, proximity, sound and light ones.

Keywords Fixed sequence robot • Walking micro-robot • Structure modeling •

Kinematic modeling • Complex micro mechanism

1 Introduction

The paper illustrates the class of micro walking robots by some biomorphic

constructive solutions selected form the literatures. Their system is powered by a

single micro-motor generally acting two identical mechanisms parallel connected.

The robots belong to the class of robots with a fixed sequence because the sequence

ofmovement amplitude and legs –movement and support elements can not be changed.

The bug micro robot (Fig. 1) that reacts to touch and sound is a sixed legged

system. The system is powered by a single micro-motor acting two identical

mechanisms parallel connected. Each mechanism in turn causes simultaneous

movement of the three legs on one side.

The crab micro robot (Fig. 2) has a similar solution. The micro-motor acts to

three identical mechanisms symmetrically placed and parallel connected.

The spider type stepping micro robot is shown in Fig. 3. The solution is a

mechanism with one degree of mobility having two elements for displacement

and support an alternative role with a central element. This central element can

rotate the entire mechanism for placing and change the system on the motion

trajectory.

All these solutions are inspired by the insect anatomy.
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A particular structure may be found in the construction of the micro robot

presented in the Fig. 4. It is a complex mechanism with gears, cam and bars

which is shown in the next part.

Fig. 1 The bug walking

micro robot

Fig. 2 The crab walking

micro robot

Fig. 3 The spider walking

micro robot
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2 Structural and Kinematic Particularities
of the Biomorphic Walking Robots Inspired by Insects

The bug micro robot (Fig. 1) has in its structure two parallel mechanisms actuated by

the same micro motor. In the Fig. 5 is given the particularities of each mechanism.

The mechanism has 7 kinematic links and 10 lower kinematic pairs relative to

the platform – the bug body and its degree of mobility is given by

M ¼ 3 � 7� 2 � 10 ¼ 1. From structural point of view (Fig. 6) three RRR passive

groups are parallel connected between the basis and the active group formed by the

A active kinematic pair and the 1 link.

The geometrical constant parameters are the following: AB, BC, DC, BE, GE,

GF, BF, XD, YD, XG, YG, DT3, BT4, GT7. The positional independent parameter

given by the micro motor is φ1. The dependent positional parameters are the

following φ2, φ3, φ4, φ5, φ6, φ7 and their variation for a kinematic cycle are

respectively presented by φ20k, φ30k, φ40k, φ50k, φ60k, φ70k in the Fig. 7.

The trajectories of the output links extremities named T3, T4, T7 are those shown

in the Fig. 8.

The vertical displacement variation for these points (Fig. 9) gives the image of

the sequence with which the output links are placed on the soil.

Having in view the extremities vertical displacement variation of each leg

corresponding to both parallel mechanisms (Fig. 10) one may deduce the succes-

sion of each leg attaching the support surface.

The crab walking micro robot (Fig. 2) has three planar mechanisms parallel

connected acted by a micro motor (Fig. 11).

Its modular structure (Fig. 12) relative to the platform is similar to the bug micro

robot and has 9 links with 13 lower kinematic pairs.

The degree of mobility equal to one justifies the construction with a single motor.

The structure is based on the active modular group (A, 1) to which four passive

groups RRR are connected.

The geometrical constant parameters are the following: AB, BC, DC, BE, GF,

EF, XD, YD, XG, YG, ET4, BC0, D0C0, BE0, G0F0, E0F0, XD0, YD0, XG0, YG0, E0T8.
The positional independent parameter given by the micro motor is φ1.

Fig. 4 A walking micro robot
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Fig. 5 The bug micro robot mechanism

Fig. 6 The structural

model of the bug micro

robot mechanism
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Fig. 7 The variation of the dependent positional parameters for a kinematic cycle

Fig. 8 The trajectories of the output links extremities



The dependent positional parameters presented in Fig. 11 are the following φ2,

φ3, φ4, φ5, φ6, φ7, φ8, φ9 and their variation for a kinematic cycle are respectively

presented by φ20k, φ30k, φ40k, φ50k, φ60k, φ70k, φ80k, φ90k in the Fig. 13.
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Fig. 9 The vertical displacement variation of each leg extremity

Fig. 10 The legs extremity vertical displacement. (a) For the left mechanism. (b) For the right

mechanism

Fig. 11 The crab micro robot mechanism
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The trajectories of the output links extremities named T4, T8 are those shown in

the Fig. 14.

For a kinematic cycle the 4 and 8 legs are alternatively placed on the soil. This

fact is demonstrated by the vertical displacement variation which is presented in the

Fig. 15.

The mechanical systems contain three mechanisms (two of them placed outside

of the platform and another situated in an inner place) parallel connected (Fig. 16).

Fig. 12 The structural model of the crab micro robot mechanism
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Fig. 13 The variation of the dependent positional parameters for a kinematic cycle
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The construction of the spider walking micro robot (Fig. 3) is based on the

mechanism (Fig. 17) with one degree of mobility.

Its structural model (Fig. 18) includes an active modular group and four RRR

passive modular groups.

The geometrical constant parameters are the following: AB, BC, GC, BD, FE,

DE, DT8, BH, GH, BI, IJ, KJ, IT4, XA, YA, XG, YG, XF, YF, XK, YK, ET4. The
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Fig. 14 The trajectories of the output links extremities

0 4 8 12 16 20 24 28 32 36 40
−0.02

−0.0185
−0.017

−0.0155
−0.014

−0.0125
−0.011

−0.0095
−0.008

−0.0065
−0.005

YT4k

YT8k

k

Fig. 15 The vertical displacement variation of each leg extremity for the outside mechanism

Fig. 16 The legs extremity vertical displacement for both kinds of mechanisms. (a) For the

outside mechanism. (b) For the inner mechanism
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positional independent parameter given by the micro motor is φ1. The dependent

positional parameters presented in Fig. 17 are the following φ2, φ3, φ4, φ5, φ6, φ7,

φ8, φ9 and their variation for a kinematic cycle are respectively presented by φ20k,
φ30k, φ40k, φ50k, φ60k, φ70k, φ80k, φ90k in the Fig. 19.

The trajectories of the leg extremities are shown in Fig. 20. They are distinct so

that the displacement is achieved by the alternative leg placement on the support

surface and the movement of the entire mechanism relative to the support leg. In the

same time it is relevant the variation of the leg vertical displacement for an entire

kinematic cycle (Fig. 20).
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Fig. 17 The spider micro robot mechanism

Fig. 18 The structural model of the spider micro robot mechanism

80 A. Comanescu et al.



3 Particularities of the Quadruped Walking Robots

The micro robot structure has usually two or three parallel mechanisms actuated by

the same micro motor. A particular structure may be found in the construction of the

micro robot presented in Fig. 4. It is a complex mechanism with gears, cam and bars

which is exposes in the next part.

The gear and cam complex mechanism (Fig. 21) distributes the input motion to

the mechanisms acting the output links and other parts of the micro robot.

The gear mechanism (Fig. 21) has seven shafts, six of them (I, II, III, V, VI, and

VII) having a rotation motion and the IV shaft a cylindrical one.

The following gears – z1, z21, z23, z32, z3, z44, z4, z54, z56, z6, z7 are rigidly

connected to their shaft. In the same time the gear with z43 teeth may have a

translation motion relative to its shaft. It also has the characteristics of a cylindrical
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Fig. 20 The vertical displacement variation of each leg extremity
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Fig. 19 The variation of the dependent positional parameters for a kinematic cycle
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cam its cam follower being rigidly connected to the gear z44. The contact between

the cam and the follower is determined by a helical spring.

Due to the cam rotation motion rigidly attached to the z43 gear the shaft IV may

have two positions.

In the first position (Fig. 22) the z4 gear determines the rotation of the shafts V,

VI and VII to the outputs being on the shafts VI and VII.

In the second position (Fig. 23) the z4 gear directly acts the shaft VI.
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Fig. 21 The gear and cam

mechanism
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Fig. 22 The first distribution of the rotation motion
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The following numbers of teeth are adopted.

z1 z21 z23 z32 z3 z43 z44 z4 z54 z56 z6 z7

10 42 8 16 10 31 32 22 26 16 28 22

The gear and cam complex mechanism the shaft VI (Figs. 19, 20, and 21) has in

two situations different senses of rotation so that being ensured the forward and

backward displacement of the micro robot.

The structural model of the stepping mechanism includes an active initial

modular group (O,1) and two passive modular groups RTR and RRR (4, 5) serially

connected (Comanescu et al. 2010). The micro robot structure has two parallel

mechanisms actuated by the same micro motor and having a diphase of 180�.
The kinematic scheme is given in Fig. 24. The 2 and 5 kinematic links, which

have the contact with the support surface in T2 and T5 ensure the displacement and

sustain the system acted by the O active kinematic pair.
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Fig. 23 The second distribution of the rotation motion
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Fig. 24 The stepping micro

mechanism
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The mechanism has 4 kinematic links and 5 lower kinematic pairs and a higher

pair between the 2 link and the platform. Its degree of mobility is given by M¼ 3·4
� 2·5 � 1¼ 1.

According to the structural models previously mentioned the positional param-

eters for each link are mentioned in Fig. 25. By means of standard kinematic models

(Comanescu et al. 2010) for both parallel mechanisms they are determined

(Fig. 26).

The legs extremity trajectories of the T2 and T5 points are presented in Fig. 27

for the parallel mechanisms. The initial position of each leg extreme point on the

figures is marked. Thus the micro robot displacement is ensured.

In the next figure the vertical displacement variation for the leg robot extremities

placed on both sides is presented (Fig. 28).

4 Conclusions

The paper brings in attention some aspects connected to the kinematic analysis of

planar mechanisms applied to the micro robots. The construction of micro robots is

generally based on planar mechanisms with one degree of mobility, which explains

their fixed sequence of motion.
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Fig. 25 The dependent

positional parameters
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Fig. 26 The dependent parameters of both parallel stepping mechanisms. (a) For the left mech-

anism. (b) For the right mechanism
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Development of a 3-DOF Compliant Robotic
Local Structure with Large Twist Angle

S. Kurtenbach, J. Siebrecht, D. Schoenen, M. Hüsing, and B. Corves

Abstract This paper presents the development of a compliant wrist joint (robotic

local structure) enabling large twist angles. The result is a spherical joint with three

degrees of freedom whose development is introduced starting with a general over-

view on suited compliant joints and the derivation of the requirements. A systematic

structural synthesis and subsequently a dimensional synthesis using the pseudo-rigid-

body-model is conducted. Finally, the CAD-Model is shown. The compliant robotic

local structure is used in a handling system developed at the IGM facilitating a quick

adaption of the kinematic structure to a new motion task through a modular and

versatile concept. Several parallel kinematic robotic arms integrate an object in the

kinematic structure by adapting to the object with the end-effectors.

Keywords Large twist angle • Compliant robotic local structure • Pseudo-rigid-

body-model • Wrist joint • Reconfigurable handling system • Spherical linkage

1 Introduction

Now-a-days parallel handing devices are used in various application areas. The

Department of Mechanisms Theory and Dynamics of Machines (IGM) at RWTH

Aachen University developed a new and innovative handling system based on a

reconfigurable structure with modular layout (Müller et al. 2009, 2010; Riedel

et al. 2008, 2010). The handling system moves the object with six degrees of

freedom in space, using a parallel kinematic structure. This results only through

the integration of the object using several robotic arms. This makes it a part of the

parallel kinematic structure. Figure 1 shows the entire handling system with all

three robotic arms adapted to the object. A single robotic arm has six degrees of

freedom; three rotational degrees of freedom in the robotic regional structure and

further three in the robotic local structure. The regional structure represents a hybrid

structure. A planar five-bar linkage can be rotated around a previously located main
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axis of rotation. Drives (servo motors) are provided solely for the three degrees of

freedom of the regional structure. The end-effector is operated in a purely passive

form. This is to reduce the number of drives for the entire handling system to nine

servo motors to move an object with three translational and three rotational degrees

of freedom. Similar applications for three serial industrial robots require 18 drives.

The current local structure of the robotic arms comprises a spherical arrange-

ment of the wrist. Figure 2a schematically shows the spherical structure with the

notation of various axes. The integration of the object in the kinematic structure has

been achieved in previous developments by using an electromagnet. This magnet

represents the end-effector (Fig. 2b). The electrical energy is passed through the

entire spherical structure by collector ring contacts, which are provided on the

corresponding axes of rotation. In order to avoid a collision between the wrist joint

and the object during docking, the R-axis is equipped and actuated by a stepping

motor, which serves merely to pre-position the wrist joint. It is switched passive

immediately after the object has been gripped.

The S-axis has a balancing and restoring spring element that holds the solenoid

in the center position while not in contact with the object. A disadvantage of the

current robotic local structure is the high effort for a complete housing which goes

along with a limitation of the orientation workspace (small revolute angles).

In this paper, the systematic development of a compliant robotic local structure

is presented with regard to the introduced handling system. Thus, a compliant

robotic local structure with large twist angles and high position accuracy.

Fig. 1 PARAGRIP
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2 State of the Art

In the conventional engineering sciences, compliance is an effect mostly tied to a

negative behaviour. However, there is a continuous rise in applications which use

compliance as the main source to enable a desired function. These compliant

mechanisms are mostly used in micro manipulators because of their close to zero

backlash and frictionless motion. Nevertheless it is possible to enhance the motion

range of the compliant mechanisms by adjusting the size of the hinge. The subse-

quently introduced hinges show just an overview.

On the one hand there are hinges with lumped compliance. To allow flexibility in

one or more directions the hinge blank is notched. The notch can have different

geometries, for example a spherical, elliptical, parabolic or hyperbolic shape

(Lobontiu et al. 2002) as well as a polynomial one (Zentner et al. 2011). A variation

of the shape of the hinge not only affects the flexibility but also its stiffness.

On the other hand there are hinges with distributed compliance, for instance leaf
springs (Zentner 2012). With their distributed compliance they have a larger twist

angle than hinges with concentrated compliance (e.g. notch joints) (Dunning

et al. 2011). To allow rotations with hinges based on leaf springs there are different

possibilities as shown in Fig. 3. A combination of leaf springs (Trease et al. 2005),
free flex hinges (Trease et al. 2005) also called cross spring pivot (Haringx 1949)

and cruciform hinges (Trease et al. 2005).
The split-tube hinge also represents a joint with distributed compliance. In

contrast to the previously mentioned hinges the movement is not realized by

bending but by the torsion of a slotted cylinder (Fig. 4). This principle advanta-

geously allows to design the axis of rotation in a very flexible way whereas the other

axis maintain their stiffness. Thereby the parasitical movements of the joint are

limited (Goldfarb and Speich 1999).

Fig. 2 Schematic representation (a) and image (b) of the current wrist joint
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3 Requirements

For the development of a compliant robotic local structure, the requirements must

be determined. The fundamental requirements can be derived from the already

existing local structure (Fig. 2) which is to be replaced. Since the object motion is a

spatial one with six degrees of freedoms (DOF) in total, the DOF of the local

structure have to be the same. The three DOFs of rotation have to be independent

from the hinge’s structure. Furthermore injection molding and generative

manufacturing methods are from further interest for such a monolithic joint. For

this reason Acrylonitrile-Butadiene-Styrene (ABS) is used for the dimensioning.

The material can also be used for three dimensional printing.

For the integration of the new structure into the surrounding of the PARAGRIP

the structural and the dimensional synthesize have to be considered. Thus the

measurements of the wrist joint are limited by a cylindrical area of Ø120� 150 mm.

The kinematics and deformations of compliant joints not only depend on the

desired displacement but even on the forces which have an effect on the mecha-

nism. To enable the manipulability of the objects their weight has to be considered.

Therefore the mass of the object is set to a maximum of m¼ 1.5 kg. The real loads

depend on the grasp position of the wrist joint but in this paper only the maximal

loads are considered.

a b c

Fig. 3 (a) Leaf spring (Trease et al. 2005), (b) Free flex hinge (Trease et al. 2005) and (c)
Cruciform Hinge (Trease et al. 2005)

Fig. 4 Split-tube hinge

(Goldfarb and Speich 1999)
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The restoring torque is expected to keep the unloaded wrist joint in its initial

position. For a robust design the restoring torque is set to T¼ 50 Nmm. This is two

times the torque which can be realized by the existing two yoke springs.

Lifting the object is an important situation in the process of handling. At the

beginning the object is always laying on the platform and the joints have to be

deflectable in such a way that they are able to grasp it. For this the hinges have to

provide an angle of at least α¼ 31.7� for the PARAGRIP where the current

dimensions are taken into account. A requested requirement is to provide an even

wider angle to enable further functions of the PARAGRIP such as infinitely

spinning an object in the room. For a cube this means to have a possible angle of

αwish¼� 45�.

4 Structural Synthesis

Two main points are important for the presented compliant mechanism. First of all

the hinge has to represent the state-of-the-art. Secondly, hinges from the state-of-

the-art have to be combined to create the whole mechanism. Enlarging the possible

motion by using multiple hinges of the same type is not taken into account. Hence,

only one hinge for each rotational axis is used.

Spherical rotational joints, consisting of three orthogonal axes, can reach every

point on a globe around the rotational center. With at least one oblique axis the

movability can be less than a total globe. That is why the usage of oblique axes is

inadvisable because of the limited area of motion of solid body hinges. They would

reduce the area of motion and lead to an unsymmetrical one. Thus the two

considered structures are the XYX-structure and the XYZ-structure (Fig. 5). They

are named after the Euler-rotation.

If both robotic local structures are realized using the various hinges mentioned

above the following mechanisms (Fig. 6) can be created: The introduced structures

(h) and (i) as well as the second hinge of structure (b) are originated from Howell

et al. (2013).

The different concepts are evaluated based on the criteria flux of force, com-

pactness, area of motion and movement type. The flux of force rates the required

connection elements between the particular hinges in the structure. The compact-

ness takes qualitatively into account the dimensions of the entire structure. By the

area of motion the possible twist angle is evaluated. The movement considers if it is

a spatial or spherical structure and if the expected motion is symmetrical.

The evaluation leads to the three above-average concepts (Fig. 7) which are

further dimensioned subsequently.
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Fig. 5 Robotic local structure in XYX- and XYZ-structure

Fig. 6 Result of the structural synthesis
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5 Dimensional Synthesis

The hinges used in the structural synthesis are considered separately because they

are based on different concepts. The hinges are dimensioned in that way that the

stress limit is not reached by the given restoring torques and deflections. At first the

required resistance for the rotation of the hinge for the required deflection angle and

the desired restoring torque is identified. That results into the product of the

elasticity modulus E and the area moment of inertia I. The product EI is a function

of the geometry and the material. Another boundary condition next to the required

resistance is the acceptable tension. Since the area moment of inertia is dependent

of the measurements of the cross section, possible combinations of the involved

measurements are calculated leading to the required area moment of inertia

I. Thereby, together with the weight and the twist angle, the effective stress

(von-Mises) can be determined. The existing tension is calculated with a factor of

safety (j¼ 1.2). The geometry with an effective stress beneath the critical one is

selected. The procedure is representatively shown for a leaf spring. The calculation

of area moment of inertia for the free flex hinges, the cruciform hinges and the notch
joints can be taken from (Paros and Weisbord 1965; Trease et al. 2005; Haringx

1949).

The dimensioning of a leaf spring joint is based on a pseudo-rigid-body-model

(PRBM) by (Howell et al. 2013; Howell 2001). For the schematic illustration of the

deflected joint only one half of the leaf spring pair is highlighted (Fig. 8). On the left

the first three models show the elements which connect the two springs. It is

assumed to be rigid. Together with the boundaries the twist angle α leads to a

inflection point P. The left side of the leaf spring is fixed by a rigid constraint to the

connection element which is able to perform a rotation exclusively. The right side

of the leaf spring fulfills a linear motion. For the usage of a PRBM the position of

the inflection point P must be known. It is defined by the point where the bending

changes its direction and therefore the torque within the cross section is zero.

Independent from this exact position the PRBM can be derived. The measurements

are determined later on.

Fig. 7 Result of the qualitative evaluation
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The PRBM can be divided in two areas left and right from the inflection point.

Additionally to the axes and the moment of deflection the dimensions of l1 up to l4
can be described. The tensions of the original spring are represented by the spiral

springs with the spring rates KL and KR. Only the inflection point force acts on the

inflection point as there is no torque. Through the constraint on the right there is

only a force in y-direction.

Using the PRBM by (Howell 2001) the forces and torques on both sides can be

used to set up the balance of forces:

MA ¼ γLKθL
EI

lL
θ1 � αð Þ 1þ l1 þ rð Þ cos αð Þ

l2 cos θ1ð Þ
� �

ð1Þ

To get the moment as a function of the deflection angle, the dimensions θ1 and the

lengths have to be determined. The angle θ1 can be iteratively calculated by using

two boundary conditions. One boundary condition is the height h of the inflection

point P from both sides. The second one is the equilibrium of forces of the yoke

springs at the inflection point. The lengths of the other sections can only be

determined by a simulation due to the asymmetry of the PRBM. With the intro-

duced equation, arbitrary values for the geometry and a given torque the angles of

the PRBM can be evaluated. The lengths are adjusted in various steps until the

inflection point of the PRBM and the inflection point of the simulation are equal.

For the simulation the leaf spring with the same geometry, boundary conditions and

torque is evaluated.

The comparison is realized by two equal lengths lR¼ 25 mm and lL¼ 25 mm.

The result is a different inflection point P25,25 in comparison to the simulation.

Changing the lengths to lR¼ 28 mm und lL¼ 32 mm leads to the same result as in

the simulation (Fig. 9).

All used hinges can be calculated in the same manner. Using this and the given

restoring moment additionally the area moment of inertia can be evaluated

depending on the angle.

Using the area moment of inertia the measurements can be calculated and a

suitable combination can be selected (Fig. 10). By computing the tensions the

measurements are checked afterwards. The calculation of the tension delivers the

different dimensions and orientations of the joints in which no plastic deformation

occurs.

With these figures the largest angle which does not conflict with the available

space is selected. The measurements shown below refer to the directions shown in

Fig. 11 (CAD-model). For the three calculated concepts Table 1 shows the

dimensions.

The first concept is not usable due to the notch joints. The concentrated com-

pliance provides a much smaller area of motion than the others. The third concept is

also not usable for the PARAGRIP. Although its XYX-structure has no limitation in
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general it is just reasonable in cases of wrist angles of 90�. Such angles do not

appear in the presented joints so the XYX-structure is not applicable. The second

concept fulfills all the requirements except the angel of 45�. Thus, this concept is
selected for the further design.

Fig. 9 Comparison of simulation and calculation
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6 Design of the Compliant Robotic Local Structure

The designed CAD-Model is shown in Fig. 11. The connection elements between

the hinges are designed more solid to restrict the rotation of the contemplated joints.

In addition the two connections are illustrated. The connection to the regional

structure at an angle of x¼ 0� is shown on the left and three holes for the connection
to the electromagnet are shown on the right.

7 Conclusions

The presented CAD-Model illustrates that the mostly in micro systems used hinges

can also be used for macroscopic applications. To use a compliant wrist joint for the

PARAGRIP, many restrictions have to be made. The calculations are only valid for

the mentioned limitations of the objects weight. In comparison to conventional

joints the compliant mechanism is restricted to a special area of application.

Fig. 11 CAD-model

Table 1 Results of the

dimensional synthesis

(dimensions of the selected

structures)

α [�] x [mm] y [mm] z [mm]

(c) Cruciform hinge 70 100 17.5 17.5

Notch joint 18 60 50 67.7

Notch joint 18 60 67.7 50

Leaf spring 50 23.8 120 120

(d) Cruciform hinge 40 26.7 120 26.7

Cruciform hinge 40 26.7 26.7 102

Leaf spring 50 23.8 120 120

(f) Free flex 50 31.8 35 31.8

Leaf spring 50 23.8 120 120
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It is possible to use the joint in reality but existing motion tasks have to be

reconsidered due to the limited angle of rotation. The angle of 45� cannot be

reached. As a result it is not possible to infinitely turn the cube around by changing

the end effector grasping points. A further optimization will finally enable this.
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A Hexapod Walking Micro-robot
with Artificial Muscles

I. Doroftei

Abstract As walking robots are requested to perform tasks in rough terrain, the

development of actuators capable to flexibly adapt to the unstructured environment

becomes more and more necessary. The conventional mechanisms with stiff joints

make the robots more complex, heavy, large and expensive. Recent research in the

field of materials discovered some new light and resistant alloys, which allow

building compact, light and resistant articulated mechanisms. Such intelligent

materials, called also artificial muscles, could be used to develop new actuators.

Shape Memory Alloys are a category of artificial muscles which can be used as

actuators for a walking robot. Even if these artificial muscles can exhibit large

changes in shape when heated and cooled, only one part of their deformation can be

used, if we want to maximize the actuator life. This is why smart mechanisms that

can convert the small strain of the wire into large motion are necessary. In this

paper, an example of using Shape Memory Alloys as actuators for a hexapod

walking micro-robot is presented. Leg mechanisms that can convert the small strain

of these actuators in large motion are also discussed.

Keywords Walking robot • Leg mechanisms • Shape Memory Alloys • Artificial

muscles

1 Introduction

In order to miniaturize mobile robots and make them in a scalable manufacturing

technique, mechanisms other than wheels are required for their locomotion sys-

tems. As we know, even with the most innovative suspension mechanisms, wheeled

vehicles can negotiate obstacles with height at most twice their diameter. This is

why the development of alternate locomotion mechanisms becomes quite neces-

sary, especially in the case when the size of the mobile robot is reduced.

Even if wheeled platforms are more familiar in our daily life, legged vehicles are

preferred in rough terrain because of their better mobility (Savant 2003). Highly
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effective and power efficient biological legs are very common in nature. Legged

animals in general and insects in particular can be found everywhere. They are well

known not only for their speed and agility but also for their ability to traverse some

of the most difficult terrains, climbing vertical surfaces, or even walking upside

down (Kinglesley 2005).

As mobile robots are often requested to perform tasks in rough terrain, the

development of actuators capable to flexibly adapt to the unstructured environment

becomes more and more necessary. The conventional mechanisms with stiff joints

make the robots more complex, heavy, large and expensive. In these conditions, the

development of small and low cost actuators becomes desirable.

Different kind of actuators may be used for a robot driving. The so called

conventional actuators (electrical, hydraulical and pneumatical actuators) are com-

monly used to drive actual robot systems. Recent research in the field of materials

discovered some new light and resistant alloys, which allow building compact, light

and resistant articulated mechanisms. Such intelligent materials, called also artifi-

cial muscles, could be used to develop new actuators (Doroftei and Adascalitei

2012; Doroftei et al. 2000; Torres-Jara et al. 2010).

A wide variety of artificial muscles have been investigated, Shape Memory

Alloys (SMAs) being a category of such muscles, which can be used as actuators

in the structure of a biomimetic walking robot. There are some properties of SMAs

which have motivated their use as in a biomimetic actuation system: SMAs are

compact, light-weight, with a high power to mass ratio; these actuators are direct-

driven, so they are commonly used in the form of wires that are activated through

resistive heating (by using an electric current) with no need for complex and bulky

transmission systems; SMA actuators operate with no friction or vibration allowing

extremely silent movements. They can exhibit large changes in shape when heated

and cooled and can replace motors and solenoids for creating motion in many

devices, even robots.

Shape memory alloys (SMA) based actuators have been successfully used in

many robotic applications till now (Conrad and Mills 1997; Elahinia and Ashrafoun

2002; Esfahani and Elahinia 2007; Gilardi et al. 2010; Hoover et al. 2008; Huang

et al. 2007; Kinglesley 2005; Price et al. 2007; Son et al. 2006).

However, these actuators also have limitations which need to be considered

before applying them in any robotic system: a large portion of the power applied is

dissipated as heat leading to low power efficiencies; the speed of actuation is

dependent upon the rate of cooling of the wire leading to low bandwidths; even

though SMAs exhibit relatively large strains (8 % for Nitinol), only a fraction of the

net strain can be utilized in order to maximize the actuator lifetime; clever mech-

anism designs that convert the small strains into large motions are required; SMA

contraction is highly non-linear owing to temperature hysteresis during joule

heating of the material, this is why SMA actuators are difficult to effectively control

(Mavroidis 2002).

In this paper, the design of actuators based on SMAs wires will be discussed and

a mechanism that can convert the small strain of a SMA wire into large motion will

be proposed. This mechanism will be compared with a serial one, in order to

highlight its advantages. Also, the mechanism proposed here will be used as leg
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in the design of a small size hexapod walking robot. Numerical and virtual

simulation of the compared legs and also, a virtual simulation of the proposed

design of walking micro-robot using Ni-Ti SMA wires as actuators will be done.

2 Legs Based on SMAs Actuators

2.1 General Considerations

Generally, the number of degrees of freedom (d.o.f.) provided for each leg seems to

be a compromise between an increased range of motion of the leg and a control

simplicity. However, that turns out not to be the case. Leg designs having two

d.o.f. or three d.o.f. have been considered for walking robot designs, since more

than three d.o.f. provides no additional benefits comparing to the additional com-

plications in control that would arise (Savant 2003).

Comparing with legs having three d.o.f., the legs with two d.o.f. provide a

relatively simple control system, because there is one less actuator. But, at the

same time, with only two d.o.f., it is very difficult to achieve the above-stated fixed

goal of arbitrary navigation on a plane surface. These legs require a walking gait

where the feet slip along the ground, if they are to travel in curved paths as well as

travel straight ahead (Alexandre et al. 1998; Doroftei and Preumont 1999; Doroftei

et al. 2011; Doroftei and Adascalitei 2012; Preumont et al. 1997). This is undesir-

able from a control standpoint, though, because systematic slippage of the feet

implies that the robot’s position no longer can be tracked by feedback from the

motor controllers. Additional sensors would be necessary to track the motion of the

robot’s body over the ground. Although the trajectory of a robot using legs with two
d.o.f. can never be a straight line because of the kinematics, the slippage does not

cause any particular mechanical problem when the robot has a small weight

(Alexandre et al. 1998; Doroftei and Preumont 1999; Doroftei et al. 2011; Doroftei

and Adascalitei 2012; Preumont et al. 1997), which is the case of our design.

On contrary, with three d.o.f. per leg, the foot can be positioned anywhere within

a three-dimensional workspace. This means that using six such legs the robot can

navigate in either a straight or curved path over uneven terrain to reach any point on

the terrain surface.

2.2 Actuators Design

In the case of an animal-like biomimetic walking robot design, actuators are the

most critical components. Neuro-muscular systems of animals are using totally

different control techniques comparing to those used to control conventional

actuators in robotics. Animals ensure the leg joints motion by alternating the
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contraction of an antagonistic muscles pair and regulate their stiffness by simulta-

neous contraction of these muscles (Alexandre et al. 1998). Because in the structure

of biological walking mechanisms we find rotational joints, these kind of joints will

be taken into account for our leg designs.

When designing a SMA based actuator, we have to know if the output force will

produce one way or reversible rotation of the joint. Many SMA based actuator

solutions may be proposed but only two of them have been used in the leg designs

described in this paper. The first and the simplest one is the bias spring-type

actuator (Fig. 1), using one SMA wire and an elastic spring (one way actuator),

and the second one is a bidirectional actuator based on two SMA wires and two

elastic springs (Fig. 2).

Fig. 1 Bias spring-type SMA based actuator: (a) kinematics; (b) possible constructive solution
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In the case of a hexapod walking micro-robot, a bias-spring actuator can be used

to move the leg up and down (Fig. 1). Using it to rotate the leg around the vertical

axis, the robot will only move in one direction (the force developed by the bias

spring will not be capable to move the robot in opposite direction). In order to

improve robot mobility and leg compliance, the second solution of actuator is used

for this joint (Fig. 2), which is a bidirectional actuator based on two SMAwires, two

elastic springs and two tendons, based on the solution adopted by (Gilardi

et al. 2010). The spring S2 biases the SMA wire W1, whereas the spring S1 biases
SMA wire W2. Counter-clockwise link rotation occurs by the contraction of W1

wire whereas clockwise link rotation occurs by the contraction of W2 wire. As the

wire W1 contracts, for example, the spring S1 expands, absorbing the slack in the

tendon T1 until it is fully stretched and taut. Whereas the actuated link can rotate in

counter-clockwise direction during the absorbing of the slack, depending of the

spring stiffness, at the point where the tendon is stretched and taut, any further

Fig. 2 Bidirectional SMA based actuator: (a) kinematics; (b) constructive solution
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contraction of the SMA wire W1 will act directly on the actuated link, rotating it in

the mentioned direction. Simultaneously, as the actuated link is rotating, the spring

S2 expands and the slack in the tendon T2 is absorbed. When the SMA wire W1 is

deactivated, the springs S1 and S2 will return to their original positions and the

actuated link will return to its neutral position. When the wire W2 is activated, the

link is rotating in clockwise direction.

This solution, with spring-slack artificial tendons, mimics the nonlinear stiffness

of the natural tendons. Whereas the nonlinear stiffness of the biological tendons

limits the motion range of the natural links, the limit on the range of motion of the

artificial joint is dependent on two factors:

• the SMA wire’s stroke range must be sufficiently large to first absorb the slack in

the active tendon to which it is connected in order to produce joint rotation;

• the link cannot rotate beyond the elastic limit of the opposing tendon.

Some defining criteria come into play when designing the SMA actuator:

• actuator stroke, which is done by the wire length;

• output force;

• wire diameter;

• number of wires;

• kinematics of the mechanism that converts strain of the wire in joint rotation.

If we impose the maximum actuator stroke, θ, the wire length can be computed.

For the first actuator solution (Fig. 1), we can get the wire length as follow,

L ¼ r � θ
ε

¼ L
0 þ r � π mm½ �; ð1Þ

where: ε ¼ 0:05� 0:08 is the strain coefficient of the SMA wire; r is the roller

radius, in [mm]; θ is maximum actuator stroke, in [rad]; L0 is the distance between
roller axis and the fixed end of the wire, in [mm].

It means, if a roller radius r is chosen, L0 may be computed:

L
0 ¼ r � θ � π � εð Þ

ε
mm½ �: ð2Þ

For the second actuator solution (Fig. 2), if we consider that driven link (roller 1,
consequently) have a symmetric strokes according to neutral (horizontal) position

of this link (α ¼ θ=2), we get similar equations:

Li ¼ r1 � θ
ε

¼ L
0 þ r2 � π mm½ � ð3Þ

and
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L
0 ¼ r1 � θ

ε
� r2 � π mm½ �; ð4Þ

where: i ¼ 1, 2; r1 is the radius of roller 1, in [mm]; r2 is the radius of roller 2, in
[mm].

The output force of bias-spring actuator may be computed as

FSMA ¼ Fz � l
r

� cos θ þ k r � θ þ Δxð Þ; ð5Þ

where: Fz is vertical contact force of the foot on the ground, k is the spring constant,
Δx is spring elongation.

If we consider the counterclockwise rotation for a bidirectional actuator (see

Fig. 2a), we can write

FSMA1
¼ Fx � l

r1
� cos αþ k r1 � θ þ 2Δxð Þ; ð6Þ

where: Fx is horizontal contact force of the foot on the ground; α is counterclock-

wise angular stroke.

If the horizontal contact force, Fx, will be considered for the most unfavorable

situation, that of the tripod gait (Fx ¼ μFz, with μ as friction coefficient between the
foot and the ground) and if we consider that driven link have symmetric strokes

according to neutral position of this link (α ¼ θ=2), we get

FSMA1
¼ FSMA2

¼ μ � Fz � l
r1

� cos θ
2
þ k r1 � θ þ 2Δxð Þ: ð7Þ

The motion generated by an actuator based on SMA wires is the result of the

axial strain in the wire, due to the martensite/austenite transformation phase.

Maximal axial strain, σmax, in a Ni-Ti wire is approximately 400 MPa. In these

conditions, the maximum torques developed in a rotational joint, actuated by a

number of n SMA wires with d diameter, is:

τmax ¼ n � r � σmax � π � d2
4

: ð8Þ

If a maximum torque, τmax, is imposed, the number of wires with d diameter may

be computed,

n ¼ 4τmax

π � r � d2 � σmax

: ð9Þ

or the wires diameter, d, results, if the number of wires is known,
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d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4τmax

π � r � n � σmax

r
: ð10Þ

At first glance, if we analyze the last two equations, it would seem that the best

would be to use a smaller number of larger diameter wires. However, the diameter

of wire affects the reaction rate. This is why, to reduce the response time, a bigger

number of smaller diameter wires is preferable to be used.

Assuming that the wire heat transfer is based on electrical heating inside and

cooling by natural convection

m � c p � dT
dt

¼ U2

R
� hC � AC � T � T1ð Þ; ð11Þ

where: R is wire electrical resistance; cp is the specific heat; m is wire mass; ρ is

wire specific density; AC is area of the wire section; U is the electrical voltage

applied to the wire extremities; T1 is the room temperature; T is the wire

temperature; hC is convection coefficient.

The response time of the wire may be computed as follow,

t ¼ ρ � c p

4hC
� d: ð12Þ

Equations (11) and (12) show that the use of larger wire diameter can generate a

greater torque at the expense of a lower response time.

Knowing that the initial length of the wire can be determined using Eqs. (1) and

(12) becomes as,

t ¼ ρ � c p

4hC
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 � θ � τmax

n � L � π � ε � σmax

r
¼ Kw �

ffiffiffi
1

n

r
; ð13Þ

where Kw is a constant that depends on the physical properties of the SMA wire and

the maximum torque required by the joint.

2.3 Leg Mechanism Design

Even though SMAs exhibit relatively large strains, only a fraction of the net strain

can be used in order to maximize the actuator lifetime. This is why clever designs of

mechanisms that convert the small strains into large motions are required, espe-

cially for moving the leg on the vertical plane. It means that we must pay special

attention when we design the mechanism that convert the wire strain in displace-

ment of the foot on vertical axis, in order to climb obstacles as high as possible, for a

given wire length, or to use a wire length as small as possible, for a given height of

the obstacle.
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As mentioned in the previous paragraph, at the limit, the leg mechanism of a

walking robot can have only two degrees of freedom. A leg solution with two

d.o.f. (θ1 and θ2) could be based on a serial leg mechanism, using a bias spring-type

SMA actuator and one bidirectional SMA actuator, as shown in Fig. 3. Because we

want to amplify the small strains of the SMAwires, some pulleys which are fixed on

each link of the leg are used.

When using serial mechanisms for the leg, the vertical displacement of the foot

depends only on the roller radius and wire length. This is why, more complex and

clever mechanisms should be found, in order to amplify this displacement when

keeping the same roller radius and the same wire length. Such a mechanism is

proposed in Fig. 4, (Doroftei and Adascalitei 2012; Doroftei and Stirbu 2014).

In order to prove the effectiveness of the second mechanism according to the

serial mechanism, the equations that give us the vertical movement of the foot for

both design solutions should be written. For the serial leg, this equation is as,

zC ¼ �l2 � cos θ2; ð14Þ

while for the second mechanism, this equation becomes

zF ¼ �l2 � cos θ2 � l4 � cos tan �1 a� l2 � sin θ2
b� l2 � cos θ2

� �
þ tan �1 a

l2 � b

� �� �
: ð15Þ

Based on Eqs. (14) and (15), the curves of vertical stroke, Δz, for both mecha-

nisms, have been represented in Fig. 5, for θ2 2 0� . . . 30�½ �. Next values of the

constructive parameters have been considered in this numerical simulation:

• for the serial leg, l2 ¼ 55 mm;

• for tree structure leg, l2 ¼ 16:75 mm, l4 ¼ 38:25 mm, l2 þ l4 ¼ 55 mm, a ¼ 5

mm, b ¼ 10 mm.

Fig. 3 Leg mechanism with two d.o.f.: (a) kinematics; (b) 3D CAD design
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If we compare the two diagrams in Fig. 5, we can see that the leg with tree

structure has a vertical stroke of the foot four times bigger than that of a serial leg

structure when using the same length of the wire, which drives the θ2 joint. In other
words, if we want to get the same vertical foot stroke for both mechanisms, in the

case of a leg with tree structure the length of the wire used for θ2 joint should be four
times smaller than that used for a leg with serial structure.

Fig. 4 Leg mechanism with tree structure: (a) kinematics; (b) 3D CAD design
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Fig. 5 Vertical foot stroke, Δz¼ f(θ2)
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This will lead to less power consumption and smaller volume of the SMA

actuator when using the second mechanism design. Or, if we consider using the

same length of the SMA wire for both leg solutions, the robot using legs with tree

structure could climb obstacles four times higher.

If the global dimensions of the leg based on the second mechanism are known

(lengths l1, l2, l4 are given), the vertical stroke of the foot is influenced by two other
constructive parameters (a and b). The influence of these parameters on the

coordinate zF is shown in Fig. 6.

By doing the numerical simulation presented above, we have demonstrated the

effectiveness of the second leg mechanism, with tree structure, vs. a serial leg

mechanism.

The mechanism proposed here is only one of the solutions we may find for

converting the small strain of a SMA wire into large motion. Finding these

mechanism solutions is a matter of experience and ingenuity of the researcher.

Now, if we want to compute the torque for each joint of the mechanism shown in

Fig. 4, in order to design SMA actuators, direct position kinematics of this leg will

be written in Eq. (16). In these equations, the coordinates of the leg tip, F, according
to O0 origin of the referential frame are described.
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Fig. 6 The influence of a and b constructive parameters on the zF coordinate
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xF ¼ l1 þ l2 sin θ2 þ l4 sin θ2 þ θ4ð Þ½ � sin θ1
yF ¼ l1 þ l2 sin θ2 þ l4 � sin θ2 þ θ4ð Þ½ � cos θ1
zF ¼ �l2 cos θ2 � l4 cos θ2 þ θ4ð Þ

8<
: ð16Þ

where

θ4 ¼ tan �1 a� l2 � sin θ2
b� l2 � cos θ2

� �
þ tan �1 a

l2 � b

� �
� θ2: ð17Þ

It means,

xF ¼ l1 þ l2 sin θ2 þ l4 sin
tan �1 a� l2 sin θ2

b� l2 cos θ2

� �
þ

þ tan �1 a

l2 � b

� �
2
664

3
775

8>><
>>:

9>>=
>>;

sin θ1

yF ¼ l1 þ l2 sin θ2 þ l4 � sin
tan �1 a� l2 sin θ2

b� l2 cos θ2

� �
þ

þ tan �1 a

l2 � b

� �
2
664

3
775

8>><
>>:

9>>=
>>;

cos θ1

zF ¼ �l2 cos θ2 � l4 � cos
tan �1 a� l2 sin θ2

b� l2 cos θ2

� �
þ

þ tan �1 a

l2 � b

� �
2
664

3
775

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

ð18Þ

If we derivate Eq. (16) by time, we get

_X ¼ J � _θ; ð19Þ

where:

_X ¼ _xF _yF _zF½ �T ; ð20Þ

J ¼
l1 þ l2 sin θ2 þ l4 sinϕð Þ cos θ1 l2 cos θ2 þ l4 cosϕð Þ sin θ1 l4 sin θ1 cosϕ

� l1 þ l2 sin θ2 þ l4 sinϕð Þ sin θ1 l2 cos θ2 þ l4 cosϕð Þ cos θ1 l4 cos θ1 cosϕ
0 l2 sin θ2 þ l4 sinϕ l4 sinϕ

2
4

3
5;

ð21Þ

_θ ¼ _θ1 _θ2 _θ4
� �

; ð22Þ

with ϕ ¼ tan �1 a�l2� sin θ2
b�l2� cos θ2

	 

þ tan �1 a

l2�b

	 

:
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In order to get the torque for each joint, next equation could be used

τ ¼ JT � F; ð23Þ

where τ ¼ τ1; τ2; τ4½ �T is the torque vector and F ¼ Fx;Fy;Fz

� �T
is the vector of

contact forces between the feet tip and the ground.

With τ1 and τ2 known, we may compute the wire diameter, for a known number

of wires, or the number of wires, for a known wire diameter, using Eqs. (10) or (9).

3 Micro-robot Design

3.1 Kinematics

Based on the second leg mechanism discussed here, a solution of biomimetic

walking micro-robot is proposed, using SMA as actuators and springs, in order to

imitate the compliance of biological mechanisms. Kinematics of this robot is shown

in Figs. 7 and 8. The conventional signs of the joint angles are represented in Fig. 9.

Direct kinematics of the robot expresses the coordinates of the feet tip with

respect to the referential centre (geometrical centre of the robot body):

xFi
¼ l0i þ l1 þ l2 sin θ2 i þ l4 sin θ2 i þ θ4 ið Þ½ � sin θ1 i

yFi
¼ l00i þ sign l00i

	 

l1 þ l2 sin θ2 i þ l4 sin θ2 i þ θ4 ið Þ½ � cos θ1 i

zF ¼ l}0 � l2 cos θ2 i � l4 cos θ2 i þ θ4 ið Þ

8><
>: ; ð24Þ

where: i ¼ 1 . . . 6 denotes the leg indices; l0i and l
0
0i
are the distances between robot

centre of mass and the axis of joints θ1 _ i, on longitudinal and transversal direction;
l0i is positive for i ¼ 1 . . . 2, l0i ¼ 0 for i ¼ 3 . . . 4 and l0i is negative for i ¼ 5 . . . 6; l00i
is positive for i ¼ 1, 3, 5 and l00i is negative for i ¼ 2, 4, 6; θ1 _ i and θ2 _ i are the

angular strokes of the active joints; θ4 _ i is computed using Eq. (17).

These coordinates are useful if we want to compute the contact forces between

the feet tip and the ground. When we have these forces, we may get actuator force,

using Eqs. (5, 6, and 7), or we may compute the actuators torques and, then, we may

select the optimum SMA actuator (the diameter of the wire and the number of SMA

wires).

3.2 Contact Forces

As a first step of the contact forces calculus, the force distribution for a given gait

state of the robot can be computed, by expressing the static equilibrium equations of
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the whole vehicle. In order to simplify these equations, we assume that (Doroftei

et al. 2011):

• the speed of the robot and its mass are small enough as well as dynamical effects

could be neglected, which is, in fact, happening in our case;

• the ground support forces are vertical (Fig. 10);

• the mass of the leg link is negligible comparing to the mass of its actuators and

also comparing to the mass of robot body. In other studies, the mass of all the leg

is neglected. In our case, the mass of all the six legs is comparable with the mass

Fig. 7 Kinematics of the walking micro-robot based on legs with tree structure

Fig. 8 Detailed kinematics of leg 1
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of the robot body; this is why we consider that the influence of the leg mass

should be taken into account.

Assuming that the mass of the robot body, Mb, its centre of mass (xb, yb), the

mass of a leg, ml, and the coordinates of their centre of mass xli ; yli
� �

are known, and

assuming that all the six legs have the same mass, we may get:

A � Fz ¼ G; ð25Þ

where:

A ¼
1 1 1 1 1 1

x1 x2 x3 x4 x5 x6
y1 y2 y3 y4 y5 y6

2
4

3
5; ð26Þ

Fz ¼ Fz1 Fz2 Fz3 Fz4 Fz5 Fz6½ �T ; ð27Þ

Fig. 9 Conventional signs of the joints angles, on a top view of the robot kinematics
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G ¼

Mb þ 6 � mlð Þ � g
ml � g �

X6
i¼1

xli

ml � g �
X6
i¼1

yli

2
6666664

3
7777775
: ð28Þ

Whenever there are more than three legs on the ground, this system of equations

(A � Fz ¼ G) is under determined (there are more unknown than equations); the

minimum norm solution is given by

Fz ¼ Aþ �G; ð29Þ

where Aþ ¼ AT A � AT
� ��1

is the pseudo-inverse of matrix A.

3.3 CAD Model

Using the kinematics shown in Fig. 7, a constructive solution is proposed in Fig. 11,

based on a leg mechanism with two d.o.f., actuated by one bias-spring SMA based

actuator and one differential actuator. Thanks to the second actuator, the leg has an

artificial compliance for horizontal movement.

Fig. 10 Force distribution

for a given gate
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3.4 Virtual Simulation

A virtual simulation of the two solutions of leg has been performed in order to prove

more the advantage of the solution adopted for our leg design. Also, a virtual

simulation of the robot using the second leg solution, in order to have an idea

about the contact forces between the feet and the ground. The same dimensional

parameters, used for numerical simulation, will be used here.

Some of the results, the vertical movement of the leg tip, with respect to the

referential centre (centre of A joint in Figs. 3a and 4a), for both leg mechanisms are

presented in Fig. 12. These results confirm the numerical simulation, done above.

For our virtual simulation of the entire robot, a 3D model of the solution shown in

Fig. 11 has been used (see Fig. 13).

In the case of an alternating tripod gate (Fig. 14), the minimum number of legs in

contact with the ground is three, being the most critical situation for SMA actuators.

This is why, in order to get the contact forces, this kind of gait has been used in our

simulation.

The alternating tripod gait is the best-known hexapod gait. A tripod consists of

the front-back legs on one side and the middle leg on the opposite side. In this gait,

the first and third leg on one side of the body move in unison with the contra-lateral

middle leg, forming a moving tripod. This tripod alternates with the static, stable

tripod made up of the remaining three legs. Since three legs are on the ground at all

times, this gait is both “statically” and “dynamically” stable.

For θ1 _ i and θ2 _ i (i ¼ 1 . . . 6) parameters varying according to Fig. 15, we have

got the coordinates of the feet tip with respect to the origin of a referential attached

Fig. 11 Biomimetic walking micro-robot based on legs with tree structure mechanism
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to the robot body. The convention of joints angles is shown in Fig. 9. We will

further show these coordinates for the 6th leg only (see Fig. 16).

The 6th leg is in transfer phase during the first half of a robot step. This is why

the diagram of the contact force between this leg and the ground looks like that

presented in Fig. 17. The variation of this force during the second half of a step is

due to the movement of the leg tip according to the robot body center. The contact

force is bigger when the of the leg tip are closer to the robot body center (the

coordinates x6 and y6 are smaller).
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Fig. 12 Vertical movement of the leg tip: (a) serial leg; (b) tree structure leg

Fig. 13 Robot movement

during virtual simulation
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These simulation results may help the researcher to already have an idea about

contact forces, before choosing the wire diameter, and also to compare with

numerical results, avoiding some inherent mistakes.

Fig. 14 Diagram of an alternating forward tripod gate

Fig. 15 Diagrams of θ1 _ i (a) and θ2 _ i (b) parameters for an alternating forward tripod gate
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3.5 Prototype

A picture of the real robot, using legs based on mechanisms with two d.o.f.,

discussed in this paper (see Fig. 4), is shown in Fig. 18.

The movement of the robot is achieved by heating small shape memory alloy

wires (muscle wires) of 50 μm diameter, which are used for both actuators of one

leg. Elastic rubber wires are used to return the links of the leg to the initial position,

when the muscle wires are no more powered.

Although the robot trajectory can never be a straight line because of the simple

kinematics, the slippage does not cause any particular mechanical problem because

of the small weight of the vehicle.

All the legs are mounted directly on the electronic board without any other

frames, in order to simplify the architecture of the robot. In order to increase the

lengths of the wires (to increase the strokes of the legs) and to keep small overall

dimensions for the robot, some pulley wheels are integrated in the structure of

the leg.
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Fig. 16 Coordinates of the 6th leg tip with respect to the robot body center
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Thanks to a control board based on microcontroller, the robot can walk forward/

backward and turn left/right, using an alternating tripod gait. Because not any

encoder is used in the leg joints of this prototype, open-loop control tests have

been performed to assess the effectiveness of the actuation mechanisms designed.

4 Conclusions

In order to miniaturize mobile robots and make them in a scalable manufacturing

technique, mechanisms other than wheels are required for their locomotion sys-

tems. Thanks to their advantages in unstructured environment, legged vehicles

would be more appropriate in this case. Recent research in the field of materials

discovered some new light and resistant alloys, which allow building compact, light

and resistant articulated mechanisms. Such intelligent materials, called also artifi-

cial muscles, could be used to develop new actuators, SMAs being a category of

such muscles, which can be used as actuators in the structure of a biomimetic

walking robot. Because of their limited strains, clever mechanism designs that

convert the small strains into large motions are required. In this paper, the design

of actuators based on SMAs wires has been discussed and a mechanism that can

convert the small strain of a SMA wire into large motion was proposed. This

mechanism was compared with a serial one, in order to highlight its advantages.

Also, the mechanism proposed here has been used as leg in the design of a small

Fig. 18 Picture of the real robot with tree structure mechanism based legs
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size hexapod walking robot. Numerical and virtual simulation of the compared legs

and also, a virtual simulation of the proposed design of walking micro-robot using

Ni-Ti SMA wires as actuators have been done.
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Side Chain Kinematics Simulation on Protein
Conformational Changes

Mikel Diez, Victor Petuya, M�onica Urizar, Oscar Altuzarra,

and Alfonso Hernández

Abstract Protein simulation remains as one of the most difficult task for biologists,

physicists or engineers. The huge computational requirements of the protein models

makes it difficult to obtain simulations of big conformational changes on protein

structure. Side chain modelization is a critical step when obtaining the protein

structure model. The time scale at which side chain movement occur can greatly

increase the computational cost of the process. In this paper, we propose a side

chain orientation procedure with a very low computational cost. This procedure has

been implemented in combination with other procedures to obtain a computation-

ally efficient simulation tool for protein simulation. This simulation tool has been

used to simulate several protein conformational changes with success.

Keywords Protein • Side chains • Simulation

1 Introduction

As protein knowledge grows there is more evidence of the importance of confor-

mational changes involving protein function. These conformational changes are

usually part of the binding process of proteins with ligands or other proteins. Their

understanding is essential to develop better and new medicines.

One of the most troublesome problems of protein simulation is the simulation of

side chain movement. Side chains movement does not involve any conformational

change on the structure of the protein, but may be relevant to allow certain

conformational changes. The treatment of these side chains has been a widely

discussed subject in the bibliography. In Levitt et al. (1996) it is proposed to treat

side chain movement as a separate problem from main chain simulation. In

Bohnenkamp et al. (2007) side chains size is reduced to limit its influence in the

simulation. Later side chains are gradually resized to obtain the final structure.

Other approaches propose to include only certain side chains degrees of freedom
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into the simulation (Kavraki 2007). Finally in Levitt and Warshel (1975) side

chains are modeled as spheres that contain each side chain atoms.

In this paper, we present a side chain orientation procedure with the objective of

reducing the proteins potential energy. This procedure is combined with other

simulation methodologies to obtain an efficient simulation package. The first one

is a normalization procedure with the objective of homogenizing initial and final

protein structures (Diez et al. 2011). The second one is a simulation procedure to

obtain valid intermediate structures (Diez et al. 2014). And the final one, a third

procedure that detects the presence of secondary structures in the protein and feeds

the simulation algorithm with this information. The combination of these four

processes allows to simulate protein motion with a low computational cost and

always maintaining the kinematic continuity of the motion and the biological

meaning of the obtained structures.

2 Kinematics of Proteins

To design a protein simulation program it is important to know the different time

scales in which each possible movement inside a protein structure occurs. Taking

this into account the following classification can be made:

• Local movements (10�15 to 10�10 s): In this time scale is where atom vibrations

occur. Other movements that lay within this time scale are side chains internal

movements.

• Rigid body movements (10�9 to 1 s): In this time scale lay secondary structure

movements or protein structures whole sections movement.

• Macroscopic movements (10�7 to 10�4 s): Protein association-disassociation

processes, secondary structure formation or folding processes happen in this

time scale.

Attending to this classification, if proteins conformational changes shall be

simulated, clearly only rigid body movements, and the degrees of freedom that

produce them, must be taken into account. However, although side chain move-

ments do not occur in the same time scale as rigid body movements, they are related

to them. A proper side chain orientation may reduce the proteins overall potential

energy, thus providing the simulation procedure with more energy for rigid body

movement. Another important effect of side chain movement is that their

reorientation may allow new pathways for protein conformational change.

To do the simulation, we use the kinematic model of the protein structure already

used in our previous works (Diez et al. 2011) and represented in Fig. 1. In this model,

only main chains dihedral angle rotations are considered as degrees of freedom of the

proteins. The peptide bond angle, ω, is also considered to be constant, and its 0� or
180� value is ensured with the normalization procedure (Diez et al. 2011). Regarding

secondary structures, these are going to be considered as rigid bodies throughout the

simulation. To detect them, we use the procedure explained in Diez et al. (2013). In

the next section, the procedure for side chain reorientation is explained.
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3 Side Chain Orientation Procedure

The objectives to be fulfilled by the side chain orientation procedure are: First,

reduce proteins potential energy value, and second, do it with a reduced computa-

tional cost. To achieve a low computational cost, only the rotational degree of

freedom of Cαi-Cβi bonds will be considered (see Fig. 2).

One problem when attempting to reduce proteins potential energy is that it may

lead to an energy minimization algorithm. This is unacceptable as it may produce

an excessive increment on the computational cost. To avoid this problem, as it will

be explained subsequently, the proposed procedure is based on the guidelines

shown in Fig. 3.

The first step is to calculate the rotation direction of each side chain. To achieve

this, each side chain is rotated in both possible directions calculating the produced

energy increments E0
i and E00

i in the process. The optimal rotation direction is the

one that has produced the greater reduction on the energy value. In case both

rotation directions increase the energy value, the optimal one is the one that has

produces less energy increment. After the optimal direction is determined, the side

chain is returned to its initial stage. This determination of the rotation direction is

done for each side chain.

Once every side chain rotation direction has been calculated the procedure

attempts to reduce the protein potential energy. To reduce the computational cost

of the procedure and not to develop an energy minimization procedure, the number

of iterations has been limited to three. On each iteration, a different set of side

chains are rotated. On the first iteration every, side chain is rotated 2�. On a second

iteration again, every side chain is rotated but only 1�. On the final iteration only

Fig. 1 Kinematic model of the protein main chain
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side chains that have reduced the potential energy value when calculating their

optimal rotation direction are rotated. After each iteration, a new value of the

potential energy is obtained. These potential energy values are compared with the

proteins potential energy before starting the side chain rotation procedure. If after

any of the iterations the potential energy value is lower than the proteins initial one,

the process ends, and the simulation continues. On the contrary, if after one iteration

the energy value is greater than the initial one, applied rotations are undone and the

next iteration starts.

It is important to understand that the rotation directions have been calculated

independently for each side chain; thus, the effect of other side chains rotations has

not been taken into account in that process. This has been done to maintain a

reduced computational cost. This is also the reason of comparing the obtained

potential energy after each iteration, especially on the final one. Although on the

Fig. 2 Side chain degree of

freedom

Fig. 3 Flux diagram of the side chain orientation procedure
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final iteration only the side chains that reduce the potential energy have been

rotated, the effect of every rotation may not reduce the potential energy.

Once both procedures have been explained, it is essential to assess how to

implement them on the simulation process. Side chain orientation procedure is

mixed with the other processes; thus, it is important in which order they are

executed during the simulation. To maintain the independence of the main simula-

tion process from the side chain orientation process and secondary structure detec-

tion procedure, the next sequence of implementation is proposed according to

Fig. 4.

As it is depicted in Fig. 4, side chain orientation procedure starts after the kth
step simulation procedure has finished obtaining a valid structure. If the reduction

of the potential energy of the protein is successful, there remains more energy for

the next step of the simulation procedure.

4 Results

To assess the quality of the obtained structures, three indicators will be measured.

Main chain atoms root mean square deviation (rmsd), Ramachandran plots

(Ramakrishnan and Ramachandran 1965) and potential energy by means of the

AMBER potential energy field (Cornell et al. 1995). These ensures the global

Fig. 4 Simulation process

including the side chain

orientation procedure and

the secondary structure

detection procedure
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similarity between the structures (rmsd), the non-existence of collisions between

atoms (potential energy) and the biological meaning of the obtained structures

(Ramachandran plots). Intermediate data structures for rmsd comparison are

obtained from the Morph server (Krebs and Gerstein 2000).

Three proteins are simulated. The first protein, type C inorganic

Pyrophosphatase (family II) from Streptococcus gordonii protein, pdb (Protein

Data Bank) entry 1k20 (see Fig. 5). The next protein is the Troponin C protein,

pdb entry 1zac (see Fig. 5). Finally, the last protein is the Calmodulin protein, pdb

entry 3cln (see Fig. 5). In order to test the effect of the different procedures included

in the simulation process, three different strategies are proposed:

• Type 1: General simulation procedure and only the side chain orientation

strategy will be used, not detecting secondary structures.

• Type 2: The three simulation processes are applied.

• Type 3: The same as Type 2 but with one exception: the side chains located on

secondary structures will not be considered for the orientation procedure.

All simulations are run in a PC under Windows XP, with a Pentium core 2 duo

2.13 GHz making use of a single core.

In Table 1 results of the simulations of 1k20 protein are shown. The minimal

rmsd value between the final data structure and the obtained final structure of 5.2 Å
is obtained with Type 2 simulation. Biological meaning has been maintained

throughout every simulation. This is confirmed by the Ramachandran plot values,

always maintaining more than 90 % of amino acids inside the preferred zones (see

Table 1). Finally, energy evolution during the simulation ensures the non-existence

of collisions between atoms. With respect to the computational cost, results show

how the side chain orientation module is the most expensive one. This can be

perceived comparing type 1 and type 2 simulation strategies against type 3 simula-

tion strategy. It can be observed how the exclusion of the side chains located on

secondary structures reduces the simulation time.

In Fig. 6 rmsd and energy evolution can be seen. It can be appreciated how the

energy value is reduced in the first steps of the simulation. This is possible thanks to

Fig. 5 From left to right: 1k20 protein, 1zac protein and 3cln protein
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Table 1 1k20 protein results

Type of simulation Energy % rmsd Å
RP (% of atoms inside

preferred zones)

Simulation

duration (h)

Step

duration

(min)

Type 1 5.4 7.4 93 44 43

Type 2 4.4 5.97 93 37 43

Type 3 5.2 6.27 93 21 31

Fig. 6 Energy and rmsd evolution for 1k20 type 2 simulation
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the side chain reorientation procedure that achieves to reduce the energy value,

providing the simulation with more energy for future steps and thus allowing new

morphing paths.

On behalf of 1zac protein simulations, results are shown in Table 2. As with

1k20 protein there are no collisions during the simulation process and

Ramachandran plot data indicates that intermediate structures maintain the biolog-

ical meaning. In this protein minimal error has been obtained with type 3 simulation

strategy with a final rmsd error of 2.52 Å. Finally, regarding the computational cost

conclusions match the ones explained for 1k20 protein. Again the side chain

reorientation module is computationally the most expensive procedure.

In Fig. 7 energy and rmsd evolution for 1zac type 3 simulation are shown. It can

be observed how the energy value does not always rise. Again, this effect is

produced by the side chain reorientation module presented in this paper that

achieves to reduce the protein’s potential energy value on certain steps of the

simulation.

Lastly, 3cln protein simulation results are shown in Table 3. As can be seen

neither type 2 simulation nor type 3 simulation has achieved to obtain a valid morph

of the protein molecular mechanism. The problem resides on the secondary struc-

ture detection procedure. The molecular mechanism of this protein needs that the

central α-helix has some degrees of freedom to allow the morphing. As those

degrees of freedom are blocked in these simulations, the algorithm cannot obtain

a valid protein path. Nevertheless, Type 1 simulation does achieve to simulate the

protein molecular mechanism with a very low energy path and a final error of

6.34 Å. Energy and rmsd evolution for this simulation are shown in Fig. 8. Again in

this case the most expensive procedure regarding the computational cost is the side

chain reorientation process.

Finally, in Fig. 9, obtained final structures are compared against data structures.

5 Conclusions

Protein simulation always hits its limitations when trying to take into account every

single degree of freedom that can be considered in a protein structure. Nowadays

the computational cost related to this type of simulation is unmanageable for even

actual supercomputers.

Table 2 1zac protein results

Type of simulation Energy % rmsd Å
RP (% of atoms inside

preferred zones)

Simulation

duration

(min)

Step

duration

(s)

Type 1 3.8 3.15 98 64 121

Type 2 5.9 3.04 97 79 119

Type 3 4.4 2.52 96 87 97
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Fig. 7 Energy and rmsd evolution for 1zac type 3 simulation

Table 3 3cln protein results

Type of simulation Energy % rmsd Å
RP (% of atoms inside

preferred zones)

Simulation

duration

Step

duration

Type 1 2.7 6.34 90 300 min 301 s

Type 2 – – – – –

Type 3 – – – – –
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In this paper we have presented a methodology to include side chains degrees of

freedom into a protein simulation process. The methodology achieves to rotate side

chains with a low computational cost, reducing proteins potential energy in the

process. This procedure has been combined with other simulation and protein

secondary structure detection and structure normalization strategies that together

provide a reliable simulation tool with a reduced computational cost. Results show

how the obtained protein morphs have low energy variations. As Ramachandran

Plot data shows, obtained simulations also maintain the biological sense of inter-

mediate structures. The procedure also ensures kinematic continuity of the obtained

morph throughout the simulation.

Fig. 8 Energy and rmsd evolution for 3cln type 1 simulation
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Design and Fabrication of Millimeter-Scale
Crossed-Cylinder Wrist Mechanism
with Two Degrees of Freedom

Brian D. Jensen, Jordan Tanner, Bryce Edmondson, Clayton Grames,

Spencer P. Magleby, and Larry L. Howell

Abstract This paper describes the design and fabrication of a 2-DOF wrist mech-

anism suitable for fabrication with maximum dimension on the order of 2–4 mm.

The design is based on the idea of 2 half-cylinders in contact such that their axes lie

orthogonal to each other. In that way, each cylinder can roll parallel to the other

cylinder’s axis, giving 2 rotational degrees of freedom. To constrain the cylinders’
motion, unique gear teeth are designed that allow rolling motion in either orthog-

onal direction, but constrain all other motions. Contact can be guaranteed using a

compressive force acting to push the cylinders together. We first demonstrate the

design at centimeter scale using FDM 3D printing. Based on the smooth motion

achieved, we fabricate a wrist with maximum dimension of 3 mm using layered

sheets of carbon nanotube composite material. Each sheet is individually patterned

using photolithography.

Keywords Robotic wrist • Carbon nanotubes • Stacking assembly

1 Introduction

Wrist mechanisms are commonly used in a wide variety of grasping, cutting, and

manipulating operations. They allow control of the angle of a tool with respect to a

mounting shaft. Typically, the wrist mechanism is placed at the end of the shaft,

immediately before the tool (such as a cutter or grasper) to improve the dexterity of

the tool. Figure 1 shows a surgical tool produced by Intuitive Surgical, Inc., which

uses a 2-degree-of-freedom (2-DOF) wrist to mount the tool.

Several examples of wrist mechanisms have been presented in the literature. The

DragonFlex tool used two sequentially-mounted rotational joints to achieve 2-DOF

motion (Jelinek et al. 2013). A similar wrist mechanism was described by Nai

et al. (2011). A design based on planetary gearing, which decouples wrist and

grasper motion, has also been demonstrated (Zhao and Nelson 2013). A design has
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also been presented in small scale (2.5 mm diameter) using compliant mechanisms

and lithographic patterning (Zoppi et al. 2008). However, the relatively complex

design proved difficult to fabricate, and was only demonstrated in a 2X scale model.

Ideally, a wrist mechanism will allow large rotational motions (as large as �90�

is often desirable). In addition, the mechanism should operate with low swept

volume to maximize maneuverability of the tool. Low friction and smooth motion

are also important. Due to manufacturing constraints and the increased importance

of friction at small scales, it has proven challenging to produce a wrist design with

these characteristics appropriate for wrist size on the order of 2–4 mm.

This paper presents a design for a 2-DOF wrist mechanism capable of being

manufactured with maximum dimensions on the order of 2–4 mm. The mechanism

has minimal rubbing parts, resulting in low friction. We demonstrate fabrication at

centimeter scale for testing using FDM 3D printing technology. We further dem-

onstrate fabrication and assembly at the target size (3-mm diameter) using stacking

of sheets of carbon nanotube composite material. Each sheet is lithographically

patterned, and then assembled using a simple stacking procedure. The paper

discusses further options for control of the mechanism.

2 Mechanism Design

The mechanism design is based on the concept of two cylinders in rolling contact

with each other. A Compliant Rolling Contact Element (CORE) has previously

been described (Halverson et al. 2010; Howell et al. 2013). The concept of the

CORE is shown in Fig. 2. It uses two half cylinders (shown end-on in Fig. 2) with

axes aligned parallel to each other. The half cylinders roll on each other to produce

primarily rotational motion, though there is also some translation. One or more thin

flexures are then placed between the half cylinders, as shown, to constrain them

Fig. 1 A surgical tool from

Intuitive Surgical, Inc.

mounted on a 2-DOF wrist.

The tool’s shaft is
approximately 8 mm in

diameter
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from any motion other than rolling. As a result, the CORE has one degree of

freedom.

In contrast to the CORE concept, the crossed-cylinder wrist mechanism is

achieved by rotating one of the cylinders so that the axes of each half cylinder

are orthogonal to each other. In this configuration, a flexure would impede motion

in one of the desired directions, so gear teeth are substituted to prevent torsion and

shear. A compressive force between the half-cylinders then ensures that the two

pieces stay in contact with each other. A rendered model of the full mechanism is

shown in Fig. 3. As with the CORE mechanism, the two half cylinders experience

only roll, and no sliding, with respect to each other. However, because the axes are

orthogonal to each other, each half-cylinder rolls along a straight line on the surface

of the other half cylinder, allowing 2 degrees of freedom (roll in either direction).

The gear teeth must be designed to function in two directions of roll. To

accomplish this, each tooth has a cross-section of a rack tooth in the direction of

the cylinder’s axis, and the cross-section of a normal spur gear tooth in the

orthogonal direction, as shown in Fig. 4. In this way, each gear tooth can fit into

a gap on the mating cylinder. By staggering (offsetting) a row of teeth as shown in

Fig. 5, the motion is constrained while allowing both cylinders to be identical,

reducing the number of unique parts. By comparison, some previous 3D gear tooth

designs have required different tooth design on each part (Hiller et al. 2011).

An important difference between the teeth in the crossed-cylinder mechanism

and normal spur gear teeth is the load they are to carry. In normal spur gear teeth,

the force always acts along the line of action, so that the most significant stresses in

the tooth are often either shear stresses or bending stresses (Shigley and Mischke

1989). However, in the crossed-cylinder mechanism, the teeth must also support the

compressive force acting to keep the two half cylinders in contact. Such stress could

be analyzed using a finite element model.

Fig. 2 Two positions of a

CORE mechanism,

consisting of two half

cylinders (shown end-on in

this drawing) that can roll

on one another. RU and RL

are the radii of the two

cylinders
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Fig. 3 By rotating one half

cylinder and adding gear

teeth, the crossed-cylinder

wrist mechanism is

constrained to 2-DOF

Gear Tooth Cross
-section in Axial 
Direction

Gear Tooth Cross
-section in Radial
Direction

Involute
Profile

Rack Tooth
Profile

Fig. 4 The gear teeth are

shaped like a rack tooth in

the axial direction, but have

an involute spur gear profile

in the radial direction

Fig. 5 The gear profile is

staggered or offset in the

axial direction to prevent

motion due to torsion or

shear
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3 Fabrication

To test the overall motion of the wrist, we fabricated a prototype at a relatively large

scale using FDM 3D printing. The two geared half cylinders are shown separately

in Fig. 6a. They are shown in three different positions in Fig. 6b–d, with an angle of

the top surface of approximately 0�, 45�, and 90� with respect to the horizontal.

The mechanism shown is designed with a pitch diameter of 3 cm, and 18 teeth

per full circumference (9 teeth per half-circumference). The designed pressure

angle is 20�, and it has 3 % backlash. The addendum and dedendum were made

using gear standards, so that the dedendum is slightly larger than the addendum.

The mechanism was tested by placing the half cylinders together with their axes

orthogonal to each other, as shown in Fig. 6b, and manually rotating the top half

cylinder with respect to the bottom one. The motion was smooth without identifi-

able interference. The mechanism was able to rotate up to �90� in both directions

(along the bottom cylinder’s axis, and around the bottom cylinder’s circumference).

Based on the good performance achieved with the large-scale mechanism, we

fabricated a wrist mechanism with maximum dimension (along the diagonal of the

Fig. 6 Photographs of a prototype crossed-cylinder wrist fabricated using 3D printing [(a) – two

geared half cylinders shown separately, (b–d) – two geared half cylinders in different positions]
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half-cylinder’s square) of 3 mm. The mechanism was fabricated from layers of

carbon nanotube composite. The material consists of sheets of carbon nanotube

forests infiltrated by chemical vapor deposition with carbon. Fabrication details for

this process are in Toone et al. (2014). Each sheet was lithographically patterned to

produce a half-spur gear with alignment features, as shown in Fig. 7a. Thin spacer

layers were also produced to give the right spacing between gear teeth. Because of

the resolution used in the layering process (each tooth was produced using one

layer), the sloped sides of the rack tooth profile were approximated using a

rectangular profile. The layers were approximately 110 μm in thickness. Each

half cylinder was then assembled by stacking several sheets in the correct order

on an electrical pin. The layers were held together using epoxy spread along the

back surface of each half cylinder. Two views of an assembled half cylinder are

shown in Fig. 7b, c, and the full wrist is shown in Fig. 7d.

The resolution of the assembly can be improved by making the layers thinner so

that the rack tooth profile is sloped rather than approximated as a rectangular

profile. To demonstrate this we fabricated layers that were approximately 40 μm
thick. This increases the number of layers in each assembly but also improves the

Fig. 7 Micrographs of a millimeter-scale crossed-cylinder wrist mechanism fabricated by

stacking carbon nanotube composite sheets. (a) A single layer, showing the gear teeth and

alignment square for insertion of an electrical pin. (b, c) An assembled half cylinder. The

reflections visible at the top of (c) are due to the smoothness of one side of the CNT sheet. (d)
An assembled wrist mechanism, showing crossed cylinders mounted one on the other
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detail and resolution of the part in the direction of stacking. Figure 8 shows one of

the half cylinders on an alignment pin prior to the bonding process.

The small-scale mechanism was designed with a pitch diameter of 2.03 mm and

18 teeth on the full circumference. The pressure angle was 25�, and the backlash

was 5 %. These small differences from the centimeter-scale prototype are not

expected to cause significant performance changes. As with the centimeter-scale

prototype, the dedendum of the gear teeth is 1.25 times the addendum.

The wrist is designed to be actuated by thin cables attached to the top half

cylinder. Figure 9 shows the arrangement of the actuating cables. One cable is

attached along the axis of the top half cylinder to actuate one of the directions of

rotation. The other cable is attached perpendicular to the axis of the top half

cylinder and is used to actuate the other direction of rotation. The wrist was able

to move in both directions of rotation with good range of motion when actuated

with the cables.

4 Conclusions

This paper presented a new design for a 2-DOF robotic wrist. The crossed-cylinder

wrist mechanism experiences predominately rolling motion, minimizing friction

during operation. It is also appropriate for manufacturing at small size scales. We

have demonstrated a large-scale model fabricated using FDM 3D printing. The

large-scale model validates the smooth motion achievable using the wrist mecha-

nism. It is capable of rotating �90� in either of two directions (2-DOF). We have

further demonstrated fabrication of the wrist mechanism at millimeter scale, with a

Fig. 8 Photograph of the millimeter-scale crossed-cylinders wrist mechanism prototyped using

stacked sheets of carbon nanotube composite material. Each sheet is approximately 40 μm thick
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maximum dimension of 3 mm. The small-scale wrist was fabricated by lithograph-

ically patterning sheets of carbon nanotube composite material, and then stacking

the sheets to form two geared cylinders. The crossed-cylinder wrist design is

expected to be used to improve dexterity and manipulation of small-scale tools,

including cutters, graspers, and other robotic tools.
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Conception of a Mechanical System
for Rehabilitation of Hand Function for Use
in Medical Training Therapy

M. Feierabend and L. Zentner

Abstract The hands are regarded as the most intensively used parts of the human

body. They are used to perform very different activities, and to carry out necessary

daily needs. Due to their exposed location and frequent use, hands have a high risk of

injury. Given the natural way in which humans use their hands, their major impor-

tance only becomes apparent after they are injured. Permanent damage is not limited

to physical performance, but can also have psychological effects on the patient.

Therefore, the fullest possible rehabilitation of the hand is desirable. Only a very

limited number of therapeutically necessary movement tasks can be taken on now-

adays using the current technical systems for hand rehabilitation. Motivated by these

facts, a mechanotherapy system is conceived, which is fluid-driven and modular. In

this paper, the conception of the mechanotherapy systemwill be limited to one finger.

However, the developed solution is transferable to the remaining fingers.

Keywords Compliant mechanism • Precision engineering • Rocker arm • Spring •

Spring clip mechanism

1 Introduction

“Man is the wisest of all beings, because he has hands” (Anaxagoras). Early on,

through this statement by the Greek philosopher Anaxagoras, passed down by

Aristotle in his De partibus animalium, the outstanding and central role of the

hands in the human life was clarified.

Precisely because the human hand is such a diverse and highly accurate tool,

even small functional deficits can cause a loss of independence and decrease quality

of life, in addition to which there can be a negative impact on the social environ-

ment. Because of their exposed location and frequent use, hands have a high risk of

injury; one third of all injuries and accidents involve the human hands (Schädel-

H€opfner and Windolf 2010).
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Physicians, occupational and physical therapists have developed a wide range of

treatment options that are used for rehabilitation or preservation of hand function

after injury or illness. The movement and loading of the injured or diseased

muscles, tendons and joints is an important component. This form of therapy is

called mechanotherapy. For this, technical devices are increasingly used.

With currently available devices, treatment approaches are implemented, which

have mainly been known since the middle of the last century. The technical

conditions allow the movement of complete fingers, but the selective moving of

individual finger joints is not possible. With the existing devices, both therapists

and patients must take into account significant limitations.

In this article, a mechanotherapy system for rehabilitation of hand function is

designed for medical use. Here, the basis for a multi-functional system for physio-

therapy of the hand will be developed. In addition to the known treatment options,

qualitatively new features will be included, making the testing and development of

new treatment approaches possible. The goal in using this system is a faster

treatment success.

2 Basics

Necessary anatomical terms are clarified in the following chapter. Furthermore

possible treatments for diseases of the hand which restrict its mobility are briefly

presented. Finally, existing solutions are introduced in the State of the Art and

conclusions are drawn regarding the necessary functions of a new mechanotherapy

system.

2.1 Anatomical Basics

The skeleton of the hand consists, in addition to smaller sesamoid bones, of

27 bones. As shown in Fig. 1 left, these are divided into various sections. Abutting

the arm and the wrist bones (Ochoa et al. 2011; http://www.festo.com/cat/de_de/

data/doc_de/PDF/DE/EG_DE.PDF; Kalb 2012) is the metacarpal (Gärtner 2010).

The five fingers are connected to the metacarpal. The digits can be divided into four

fingers (index to little finger) and the thumb. All fingers consist of a proximal

phalanx (Heyer 2010) and distal phalanx. Between these, the phalanx media is

located. The bones are connected to joints that are summarized and indicated by the

lines in Fig. 1 left. While numbers 1–3 represent the individual components of the

wrist, numbers 4–7 show the finger joints, which are also shown in Fig. 1 on the

right (No. 1, 2 and 4) (Lippert et al. 2010).

Figure 2 describes the spatial orientation of the hand and illustrates the terms

used later for the direction of movement.
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Each of the four fingers is connected to the metacarpal (cf. Fig. 1 left and right

No. 4) by the metacarpophalangeal joint (MCP joint). This joint is able to: spread

(abduction), pull (adduction), stretch (extension) and flex (flexion). In contrast, the

proximal interphalangeal joint (PIP joint) and distal interphalangeal joint (DIP

joint) enable only extension and flexion. The following concepts will be limited

to the extension and flexion of one finger. The possible ranges of motion for

extension and flexion of a finger are shown in Fig. 3.

Fig. 1 (Left) Structure of the hand, (right) joints, muscles and tendons of a finger (Lippert

et al. 2010)

Fig. 2 (Left) Principal planes of the hand, (right) naming the movements of the hand, depending

on the plane and direction of motion (Brand and Hollister 1993)
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2.2 Treatment Options

For diseases of the hand which restrict its mobility, an extensive rehabilitation

program is recommended.

This includes a movement therapy for all impairments, in which the patient

exercises either actively (performing with his finger muscles) or passively by an

external force (which can mobilize his diseased limbs).

Furthermore, the treatment is mostly supported by splints. Here, static and

dynamic ortheses play an important role. Static ortheses restrict the degree of

freedom of the joints. Dynamic ortheses inhibit certain movements by means of

elastic flexible materials to provide resistance for strength training. Ortheses are

also often used in everyday tasks. However, everyday movement tasks can also be

specifically imitated and practiced in functional therapy. It is notable that there are

customized ortheses for each disease of the hand. They differ mainly according to

whether joints are completely fixed, the degree of freedom is restricted or whether a

certain movement space is allowed. In order to perform their function, ortheses are

usually customized to fit the hand of the patient exactly.

If a passive motion therapy is recommended for the patient, it generally requires

a second person, if not a therapeutic specialist who practices with the patient. This

imposes an even greater dependence on the already limited autonomy of the

patients, but also represents a social problem. The growing burden of health

insurance is just one example.

2.3 State of the Art

The existing solutions are analyzed, prior to the conception of a new

mechanotherapy device.

Fig. 3 Mobility of the finger joints; distal interphalangeal joint (left), proximal interphalangeal

joint (center); metacarpophalangeal joint (right) (Schünke et al. 2005)
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2.3.1 Hand of Hope

The Hand of Hope is distributed by Rehab Robotics and was developed at the

Technical University of Hong Kong. The device (Fig. 4 left) consists of five

individual modules, which are each connected by a linkage to a linear electric

actuator with an integrated control unit on the back of the hand. Via curve gears, the

forces of the actuators are converted into a moment. One module can mobilize the

metacarpophalangeal and the proximal interphalangeal joint within a maximum

angle of 65� (for stretching and bending). Independent movement of the two joints

is impossible (Ho et al. 2011).

2.3.2 Handexos

In 2009, a research team led by Azzurra Chiri, presented a mechanotherapy system

called Handexos. It is an exoskeleton made of aluminum in a shell construction

which is worn on the hand (Fig. 4 center). This has five modules. Each module is

driven by a DC motor. Bowden cables that connect the motor with a small

deflection wheel located at the joints set the torque of the motor into a stretching

motion of the hand. Return springs also connected with a Bowden cable move the

Handexos back to the starting position. However, no single joints can be controlled

(Chiri et al. 2011).

2.3.3 J-Glove

In 2011, Jose M. Ochoa presented his research results for a therapeutic glove called

the J-Glove. A Bowden cable is located on the top of each finger. These five cables

are united on the forearm to a main pull (Fig. 4 right). A DC motor, which is

connected to the main pull, moves the Bowden cables to the front or to the rear, thus

forcing all of the fingers to a flexion or extension (Ochoa et al. 2011).

Fig. 4 Mechanotherapy systems (left) Hand of Hope from Rehab Robotics (Ho et al. 2011),

(center) prototype of the Handexos for the index finger (Chiri et al. 2011) (right) J-Glove with

Bowden cables on the back of the hand (Ochoa et al. 2011)
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2.3.4 Conclusion

A variety of technical supports for the rehabilitation and treatment of hand diseases

exists. However, they are not multifunctional or portable and do not allow the

individual to receive separate treatment of individual joints of the fingers.

No mechanotherapy system that can be modularly adapted to the size of a patient

and the therapeutic needs (targeted movement, blocking or inhibiting the affected

joints) yet exists, but such a system could positively influence the rehabilitation

process. Electively, an actuator, a locking element or an inhibitor should be

integrated for each joint of a finger. An actuator allows (due to its force generation)

the joint to perform a passive movement. An inhibitor represents a surmountable

resistance for independent motion. A locking element fixes a particular joint at a

certain angle.

3 Conception

In the following chapter the development of the mechanotherapy system is

described. This is inspired by the constructive development process, and includes

the specification of the development goal, the principle of synthesis for actuator,

actuator position, and the mechanism. Finally, the complete system is introduced

briefly.

3.1 Clarification of the Task

The goal of the development is the passive movement of the finger joints in their

full physiological motion space. Furthermore, active movement should be possible.

For this feature, actuators are utilized, allowing a passive movement of the finger

and offering a defined resistance against finger movement during an active move-

ment. In addition, the use of passive elements is conceivable. They consist either of

a rigid body to lock the joint or a compliance that allows the movements against a

resistance respectively to apply a uniform force.

For the drive, pneumatic actuators are preferable as the damping properties of

the air mean that the drive is shock-free and jolt-free. Power transmission by wire

ropes or Bowden cables is excluded from the beginning, as these require large

structures and are a potential hazard to patients.

The force transmission takes place only in the elements adjacent to the joint

(bones) and the surrounding tissue. The neighboring joints are not included, in order

to move all joints independently. Selective control of each joint should be possible.

It must also be ensured that no incorrect loading of joints occurs through the system.
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In addition, a lightweight build and a space-saving design with a modular construc-

tion should be achieved.

In the design process, the main focus is on the actuator concepts, the positioning

of the actuator and the mechanism for the transformation of the actuator force into a

moment which moves the phalanx of one finger.

3.2 Principle Synthesis

3.2.1 Actuator Concepts

A brief overview of possible pneumatic actuator concepts is given below. For

actuators, commercially available pneumatic drives or new self-developed assem-

blies are suitable. Figure 5 shows an overview of possible actuators. The solutions

can be divided into three main groups: cylinder, pillows and bellows.

Cylinder

Even the smallest cylinders are relatively large. The shortest pneumatic cylinder

identified has an extended length of 34 mm (http://www.festo.com/cat/de_de/data/

doc_de/PDF/DE/EG_DE.PDF), which is difficult to attach to the phalanx of a

finger. Furthermore the generated force as well as the stroke is insufficient. But

self-designed cylinders with integrated compliants (by use of elastomers) are

promising in terms of stroke and force.

Bellows

Another way to drive the pneumatic system is with bellows made of elastomers.

The size of the actuator can be aligned to the required dimensions. An example of a

customized structure is a bellows with only one fold. This can be designed to be

much more compact than types with several folds. Rotationally symmetric bellows

unfold when their inner pressure is increased. The result is a purely translational

motion. If an asymmetrical bellows is designed, it moves along a curved path. Such

asymmetric structures have a certain potential for rotary pneumatic actuators.

Cushion

Rubber or rubber-like soft materials are characterized, among other things, by their

hyperelasticity. Therefore, an actuator which is similar to a balloon is feasible.

Increasing the inner pressure of the balloon causes it to expand nondirectionally.
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3.2.2 Actuator Position

The actuator can be deployed either directly, in the area surrounding the joint or

adjacent to the finger, for example, on the metacarpus, the forearm or a body distal

Fig. 5 Table presenting various pneumatic actuator concepts

150 M. Feierabend and L. Zentner



object such as a table. An actuator directly on top of the finger can extend and

contract along three coordinates: up and down (dorsopalmar), along the finger

(longitudinal), or laterally (transverse).

3.2.3 Concepts for the Mechanism

In order to transmit the force or torque of an actuator to a finger joint, a mechanism

is necessary. In addition, the actuator also has the function of converting the stroke

of a translational drive into a rotation.

The force transmission is to be achieved directly through the system attached

gear and joint elements. When selecting a mechanism, a pure torque should act on

the finger joint about the rotation axis of the finger. Furthermore, no longitudinal

and vertical forces should appear. If this nevertheless occurs, the finger joint could

be seriously injured.

To minimize disturbing forces on the finger joint, the joint of the

mechanotherapy system has to be in line with the finger joint. To ensure this, the

joints of the mechanotherapy system have to be sidewise to the finger joint.

Furthermore, it should be taken into account that the MCP joints are not accessible

due to their linkage to the metacarpus. A cam mechanism avoids this problem by

guiding the movement along a circular path, where the virtual axis coincides with

the rotation axis of the finger joint.

Figure 6 provides an overview of mechanisms that could transfer the actuator

force to the joints. A force is applied by the schematically shown actuator, which

results in an angular change.

The scotch-yoke mechanism is a classic four-bar mechanism. Within a cam

mechanism, the real rotation axis is replaced by a circular arc guide. Through a

gearwheel, the rack transmits either the force of the actuator into a torque or the

stroke of the actuator into a rotation. Due to the anatomical conditions, the gear-

wheel can only be attached sidewise to the finger. The “scissors” is the only model

that requires an actuator, with a circular path operating force.

3.2.4 Final Version for a Mechanotherapy System

After several principle solutions for the actuator, the actuator position and the

mechanism were outlined, and these were combined with the technical principles

and evaluated (compare (Kalb 2012)). In the final version of the mechanotherapy

system, the PIP and DIP joints are mobilized through a cam mechanism with

aligned axis positions (compare Fig. 7). The mechanism was designed for a large

continuous motion range, and an efficient power transmission.

Since the MCP joints are not freely accessible because of their link to the

metacarpal, no rotation axis of a mechanism can align with the axis of the finger

joint. Therefore, a cam mechanism without Alignment is used (compare Fig. 8).
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Three actuators are used for each finger. These are positioned directly on top of

the fingers (longitudinally) to generate the forces necessary for the movement.

Through a right designed cylinder both high forces and a large stroke can be

achieved. For this reason, self-designed cylinders with integrated compliants are

used as actuator. The joints can be moved by approximately 65�. The range of

motion can be traversed continuously. A selected movement of individual joints is

possible. The indicated actuators can be replaced by passive elements, which will

inhibit or prevent active movement of the fingers.

The rigid frame structure simplifies the mounting of actuators and sensors. It is

also possible to integrate a size adjustment for different hand sizes. By padding the

Fig. 6 Table presenting different mechanisms for the transformation of the actuator force into a

torque
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Fig. 7 Principle picture of Mechanism for PIP and DIP joints

Fig. 8 CAD model of the existing prototype
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inside of the frame structure, an individual adaptation to various hand forms (finger

diameter, deformation) is possible. A prototype was manufactured (see Fig. 9).

Figure 10 shows actuator assembly for the PIP and DIP joint. When flexion and

extension are to be performed, either a double acting cylinder with integrated

compliant or a single acting cylinder with compliant and a spring are needed. The

driving members are arranged to ensure the largest possible stroke and to transmit

the forces symmetrically on the mechanism. Furthermore, twisting or tilting of the

slide is prevented by three guiding areas.

The actuator operates according to the principles of unrolling and stretching. In

order to quantify obtainable force in relation to the air pressure, FE simulations

were performed. The result of these studies is an actuator with a height of 17 mm, a

diameter of 10.9 mm at the thickest spot and a wall thickness of 1 mm (compare

Fig. 11).

The simulation was 2D axisymmetric with hyperelasticity. As material the

silicone M4644 was used with a Shore hardness of 40. The necessary material

data for the simulation model was fitted on the basis of uniaxial tensile data.

Fig. 9 Movement of prototype from a stretched into a strongly flexed position
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Fig. 10 (Left) actuator assembly PIP and DIP joint (center) longitudinal section (right) cross-
section

Fig. 11 (Left) Model of actuators with boundary conditions and loads; the counterforce of the

diseased joint was modeled by a spring, the pressure was applied on the upper curved surface

(right) simulation of the actuator using Ansys Workbench maximum principal elastic strain by an

applied pressure of 1 MPa
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Meshing was performed with Plane183 elements (8 nodes). The simulation setup

can be seen in Fig. 11.

During the simulations pressure up to 1 MPa could be achieved, which resulted

in a force of over 100 N and a stroke of 30 mm. Furthermore the maximum

simulated principal elastic strain was smaller than the tear strength of the used

silicone rubber. The dimensions of the used actuator can be seen in Fig. 12.

In Fig. 13, some simulation results are presented briefly. The greater the load

(modeled by springs with different stiffness), the stronger the curves differ from

each other. By measuring the volume and pressure, it is possible to determine the

actuator position and actuator force, both with sufficient accuracy.

4 Summary and Prospects

First of all, the basis of the anatomy and physiology of the hand was introduced.

Following this, the technical supports used for therapy were considered. Resulting

from the shortcomings of known therapeutic devices, the requirements for a new

system, with particular emphasis on orthopedic technical aspects, were situated.

Based on these preliminary considerations, the tasks were clarified and several

possible function principles for the new system were established.

The developed system is characterized, in comparison to the known

mechanotherapy systems, through a variety of special functions. It is ideal for

passive movement of the hand as well as for dynamic ortheses during treatment,

with individually adjustable, mechanical properties. The system is modular, so

simultaneous or separate treatment of the finger joints can be performed. The

possibility of a subsequent integration of sensors opens the way for an objective

therapy evaluation (measurement of the enlargement of the movable range and the

actual load during the treatment). Due to the above-mentioned characteristics of the

system, an improvement of the treatment effectiveness is expected.

Fig. 12 Dimension of

actuator designed by FEM
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Modeling, Parametric Synthesis
and Characterization of Bellow-Type
Pneumatic Micro-actuator

J. Prateek and G. Prasanna

Abstract Pneumatic micro-actuators present unique advantages such as high force

to volume ratio, tunable to get desired force vs displacement characteristics, free from

high voltages, to list a few. Among several types of pneumatic actuators bellow type

actuators presented recently are more conducive for MEMS fabrication. This paper

presents extensive parametric analysis of these actuators to finally generate design

and synthesis curves in terms of non-dimensional parameters. Analysis is carried out

with finite element method (FEM); based on results and physical insights, non-

dimensional parameter for synthesis are identified. Results are presented as design

curves in non-dimensional parameters in such a way that based on desired force

displacement curve users can converge on parameters without a need for further FEM

for their specific case. Results show interesting possibilities of large variety of desired

“force-displacement curves” spanning feasible range of parameters. One specific case

is considered for fabrication of this bellow type pneumatic actuator and its charac-

terization validates the proposed design analysis.

Keywords Pneumatic Micro-Actuator • ANSYS

1 Introduction

The discipline of MEMS has grown quite vast and multiplying very fast. The

advancement in fabrication of Micro-Nano Electronics, semiconductor devices

and Micro-fabrication techniques, has laid very strong foundation for MEMS to

evolve. The idea for developing pressure based micro-actuator arises from the

application of Micro-handling devices like micro-grippers, micro-surgical devices,

catheter, forceps (De Greef et al. 2009) etc. Pneumatic mechanical micro-actuators

when compared with other actuators like piezoelectric, electrostatic etc. are far

superior in terms of force per unit volume, high blocking force, and displacements

simultaneously (De Volder and Reynaerts 2010). The motivation was to develop a
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novel pressure based micro-actuator for wide range of blocking forces and dis-

placements. The main advantage of bellow-type actuator over membrane type is

longer linear travel for the similar dimensions and high forces (Yang et al. 1997).

The concept of bellow type pneumatic actuator was presented first in (Butefisch

et al. 2002) where flexure mechanism for micro-gripper was actuated. The modified

design was presented in (Gandhi et al. 2011a) where piston was precisely guided

using parallelogram flexure mechanism to avoid jamming. This paper provides

design curves and procedure for designing such actuators given the actuator spec-

ifications in terms of blocking force and free displacement. Extensive FEM analysis

is carried out in ANSYS and various critical parameters identified, pertaining to the

analysis, are plotted. Study and analysis shows that, wide range of desired

“Blocking force versus Displacement” characteristic curve can be obtained by

appropriate choice of design parameters. The key feature of the proposed paramet-

ric synthesis is, “a unique parameter R to design a desired pneumatic micro-

actuator, with required blocking forces and displacements”. Using the procedure

proposed in this paper, one actuator is fabricated using SOI MUMPS process. The

device is packaged and experimental verification of characteristic curves is plotted

for this specific case.

This paper is organized as follows: Section II presents actuator modeling and

parametric analysis of the system based on extensive FE simulations. Section III

highlights the actuator fabrication using SOI-MUMPS. Section IV highlights the

packaging and experiment for a special case. Finally Section V concludes the

research findings followed by acknowledgements.

2 Design, Modeling and Parametric Synthesis

This section first presents the proposed design of the bellow actuators and high-

lights the enhancements incorporated in the design as compared to the previous.

Next, the results of extensive FE analysis carried out to simulate the displacement

and blocking force produced by applying pressure to the actuator are presented.

Simulations are carried out for parametric analysis and results are presented in a

non-dimensional form that can be easily used for synthesis of other such micro-

actuator with the desired design specification.

2.1 Design

The basic structure of the micro-pneumatic actuator, as shown in Fig. 1 consists of a

piston connected to housing by two spring elements. This design is similar to that of

earlier designs, presented in literature except for the flexure guides. Symmetric

bending of the lobes under this uniform load allows the piston to move in vertical y

direction. The motion of the output piston normally is along one y direction in the
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absence of external force in x direction or moment around z axis. However, if an

external device to which the actuator is connected exerts force in x direction

(or moment about z), a lower stiffness in that direction would disturb the desired

function of the actuator. To overcome this problem a standard parallelogram flexure

guide is added to the actuator as shown in Fig. 1. The flexure guide makes sure that

the stiffness of actuator is much higher in all directions other than the desired

motion. Thus parasitic motions in other directions would be prevented and the

precision & repeatability of actuator motion would be enhanced.

2.2 Analysis

Various parameters affecting performance of actuator include length (l), radius (r),

thickness (t) of spring element, gap (g) between the two spring elements and

number of lobes (n). Figure 1 displays these parameters for actuator with one

lobe. To develop compact actuator (overall length not more than 1,200 μm), and

keeping in mind constraints of the SOI MUMPS process (fabrication process),

nominal values of the parameters chosen for design analysis are as follows: l ¼
300 μm, t ¼ 5 μm, r ¼ 30 μm, g ¼ 25 μm and n ¼ 1. The nominal design with

parameters mentioned above is modeled and analyzed by Finite Element Method

using ANSYS. The structure is modeled using PLANE 82 element with “Plane

stress with thickness”. The model is meshed using smart size, which ensures finer

meshing at places with smaller dimensions and different element size with change

in dimensions for whole device. The applied boundary conditions are, uniform

internal pressure along the springs, blocking force at the central node of piston, and

zero displacement at the spring base.

Simulation in ANSYS was performed with change in the number of elements

ensuring the required convergence of analysis. The results of simulations showed

approximately 27 μm of displacement of piston in y-direction and maximum Von-

Misses stress is 0.21 GPa. This displacement is much higher than that achievable by

other actuators such as comb-drives of the comparable dimensions and the stresses

Fig. 1 Proposed design of bellow actuator with guide flexure and actuator parameters
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are much lower than stress limit of silicon. Thus for such actuators considering

current fabrication limitations, the strength as limiting factor will seldom be an

issue. Along with displacement, output force provided by the piston (blocking

force) is another quantity of interest. Blocking force would be governed in general

by the application needs. For example, the actuator placed at the input of micro-

flexural logic gates in (Modi et al. 2007), should give enough force to displace the

gate and produce meaningful displacement corresponding to the desired logic.

Hence, to study effect of this force on the actuator performance in simulation, we

consider a force Fy in the opposite direction to the actuator displacement as shown

in Fig. 1. Simulations are carried out for constant input pressure and different values

of force Fy and the results are presented in Fig. 2.

The results (with n¼ 1) show that displacement increases in quadratic and cubic

manner when length and thickness of link is varied (Fig. 2a, c). The effect can be

justified from the basic cantilever deflection using Euler beam bending theory.

Similarly deflection increases linearly with increase in radius (Fig. 2b), but

unaltered when gap, g between the lobes is altered (Fig. 2d).

The simulations are carried out for a range of parameters and finally, it is

concluded that

Fig. 2 Variation of displacement of piston in Y – direction with change in length (a), thickness
(b), radius (c) and gap of spring element (d), and force applied from top at constant input pressure

of 60 kPa

162 J. Prateek and G. Prasanna



1. The proposed actuator shows promising results to produce the desired high

blocking force and high displacement

2. The most effective parameters are L, length of lobe, t, thickness of the lobe

and R, radius of lobe.

The next subsection generalizes these results using these parameters primarily L

and t. And plot the curves for different R.

2.3 Parametric Synthesis

This subsection extends the analysis further to enable ease in selection of design

parameters of actuator based on user defined performance. Actuator design starts

with first arriving at the characteristic curve of the actuator, based on application

requirement and find the slope of the curve (points in between typically follow a

straight line with slope corresponding to “actuator stiffness”). For example, Fig. 3a

shows blocked force vs. displacement variation to be a straight line; the slope of this

line is the actuator stiffness. We analyze and present effect of design parameters L;

r; and t (assuming n ¼ 1) on actuator stiffness and “maximum blocking force” as

outputs. Since there are several design parameters, it would be useful to identify

combination of them that can simplify the design process of actuator and get better

insight into the design space. After several iterations and deliberation, it is observed

that when these outputs are plotted against a ratio, defined as:

R ¼ t3

L2:1
ð1Þ

yield a straight line variation. Hence, this ratio is chosen for plotting the output

characteristics. Choice of the combination is motivated from Euler-beam bending

theory applied to cantilever with uniform loading. A set of thickness, viz. [06 08

10 12 14] μm, set of length viz. [200 250 300 350 400 450 500 550 600] μm and set

of radius, viz. [25 35 45] m, are defined to carry out the simulations to obtain output

variations against the ratio defined above. The above sets are chosen such that the

overall actuator dimensions span orders of microns to a few millimeters. Approx-

imately 400 simulations are carried out to consider all combinations of parameters

possible from the above mentioned sets. From these simulations outputs, namely

actuator stiffness and maximum blocking force, are captured and plotted against the

proposed ratio R for various values of the parameter radius (note that several

combinations of t, L and r may yield the same R).

Figure 3b, c shows the variation of maximum blocking force and actuator

stiffness with R at pressure of 60 kPa for different radius. It can be observed from

Fig. 3c that the maximum blocking force is independent of radius of the lobes. Thus

with the proposed ratio, design of actuator simplifies, as follows:
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1. Given the maximum blocking force to be produced by actuator, choose R from

Fig. 3b.

2. For the chosen R, depending on either stiffness or maximum displacement

(as shown in Fig. 3a) required, choose radius using Fig. 3c.

3. Once R is known, combinations of lengths and thicknesses can be explored for

design depending on space constraints and fabrication possibilities.

Fig. 3 (a) Characteristic curve for pneumatic micro-actuator (for example), (b) Various Curves
relating change in maximum blocking force with ratio R for different radius, (c) Various curves
relating change in slope of with ratio R for different radius
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It is observed that, these graphs scale proportional to the Young’s modulus of

material. So, for new material (E1 Young’s modulus), the actuator stiffness should

be multiplied by E1/190 and new curves corresponding to Fig. 3b, c, can be

obtained. (190 GPa is Young’s Modulus of Silicon (Peterson 1982), used in our

analysis).

3 Actuator Fabrication

Considering strength and fabrication capabilities, silicon is selected as structural

material and SOI wafer for development. The fabrication process SOI MUMPS

(Miller et al. 2004) is chosen for developing initial prototypes because it offers

several advantages:

1. No sealing from bottom is required as used in (Butefisch et al. 2002) for

developing these actuators. The bottom Si layer would act as sealing from

below.

2. This process can be tuned to release structures without bulk etching.

3. It offers ease and economy of fabrication.

4. Further scaling down of actuators can be possible with SOI processes.

Figure 4a shows the schematic design of actuator developed using LEDIT

(Miller et al. 2004). A flexure guide mechanism is incorporated at the piston end

to ensure that the lobes are properly guided and they do not touch the sidewalls.

Figure 4b shows, SEM of actual fabricated structures using SOI MUMPs process.

The structures clearly show piston, lobes and flexure mechanism. These structures

were further processed for packaging and characterization of actuators is carried

out.

Fig. 4 Pneumatic micro-actuator (a) Designed in LEDIT and (b) SEM image
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4 Packaging and Experiments

Packaging first started with developing tubing connections to the actuator. The

tubing connections are permanently made to an acrylic plate to match with SOI chip

holes for actuators. Further a frame is developed around these holes to act as

locating surfaces for SOI chip (see Fig. 5). Once SOI chip is located using frames,

the holes in acrylic plate match with those in the chip. A specially cut glass piece

(held in place by frame and top metallic cover) covers the actuator portion only and

part of piston is accessible from outside. In this way multiple chips can be

characterized by easy assembly and disassembly.

For characterizing the blocking force, a probe is used for applying known

blocking force in the opposite direction (at piston) using custom-built mechanical

probe station (Gandhi et al. 2011b) (see Fig. 5). An optical microscope is used to

visualize and measure displacement of the actuators. Figure 6 shows schematic of

pneumatic circuit used. Festo flow control valve is used to control the pneumatic

actuator and pressure applied to the piston is sensed using a STM pressure sensor.

The force is applied so as to nullify any displacement of the piston under the

actuation pressure controlled by pressure regulator. First, the displacement of

actuator is determined by varying applied pressure. Figure 7a shows the variation

of blocking force with Displacement, against the applied pressure. The experimen-

tal and simulation comparison of pressure vs. displacement is presented at 60 kPa.

Further experiments can be done to validate the parametric synthesis.

Fig. 5 Packaging of SOI

wafer with pneumatic

connections for

experimental

characterization
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Fig. 6 Schematic of

pneumatic circuit used for

actuation

Fig. 7 (a) Characteristic curve for the actuator for different pressures, (b) Comparison of

experiment with simulations at 60 kPa
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5 Conclusions

The development of micro-actuators is rapidly evolving and continuously new

progress in terms of efficiency, power, and force output is reported. Flexibility in

design as per the application requirements is essential characteristics of an ideal

micro actuator. Pneumatic micro-actuators have several advantages as compared to

their piezoelectric, electrostatic, thermal counterparts: high force per unit volume,

high force and displacements possible at the same time, and high energy density

coupled with flexibility is tuning design as per requirements. This work demon-

strates the said advantages for the enhanced design of bellow type pneumatic

actuator. Based on the proposed characteristics ratio R defined in this work, a

simple generalized design procedure is evolved using results of extensive finite

element analysis (FEA) carried out in this work. Actuator is fabricated with silicon

as the material using SOIMUMPs process technology. Further packaging and

characterization of the actuator in terms of free displacement and blocking force

is carried out using a novel custom-built ‘mechanical probe station’. Overall the
paper evolves a simple design procedure, demonstrates flexibility and effectiveness

of pneumatic actuator for range of actuator needs for MEMS.
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Stability Analysis of Semi-kinematic
Mountings used in Modular Reconfigurable
Micro Factory Testbed

Mounika Katragadda, Aneissha Chebolu, and Nagahanumaiah

Abstract In this paper three groove semi kinematic mounting has been designed

and analyzed its the stability in micro milling operational conditions, employed in a

specific modular reconfigurable micro factory test bed developed at authors group.

While various kinds of kinematic couplings, which are popular for their high

repeatability and interchangeability, are considered for the modular machine

design, Gothic arch and Maxwell coupling designs were compared. In this evalu-

ation process, first the maximum preload, which can resist the induced contact

stresses, is determined. Then the static stiffness matrices are evaluated for each case

and compared as a measure of their relative stability. Maxwell coupling which was

found to be best was adopted for the machine stage and experiments were

performed to know the coupling stability with varying load.

Keywords Semi Kinematic mounts • Modular machines • Micro factory • Stability

analysis

1 Introduction

In order to meet the growing demand for the development of miniaturized devices

with microscopic and sub-microscopic patterns and structures on multi materials,

the micro manufacturing technologies have witnessed several manufacturing capa-

bilities. Given that micro-nano systems engineering is still an emerging field, the

current requirement of manufacturing systems can be characterized as a multi-

functional, multi-scale flexible manufacturing system for small order production.

Therefore the concept of reconfigurable manufacturing systems (RMS) evolved by

combining the features of dedicated and flexible manufacturing systems is expected

to be a future technology, where a family of products can be rapidly produced.

However, success of RMS in micro-nano scale manufacturing would impose
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several challenges with respect to modular micro machines design and technical

maturity of the manufacturing processes (process repeatability).

Authors group has recently developed a micro-factory test bed to perform four

operations: μ-milling, μ-turning, μ-EDM and μ-laser ablation. This test bed is

shown in Fig. 1 and incorporates design modularity, multi-operational capabilities

and desktop manufacturing system with 600 mm � 600 mm footprint capable of

machining features as small as 100 μm over multi materials. These machining units

may be reconfigurable for a family of products. To satisfy the constraint of

modularity and precision positioning on its ramp-up, kinematic couplings are

chosen. In this paper, the stability of three groove kinematic mounts used for

machining stages has been investigated for horizontal micro milling configuration.

Good kinematic design seeks to utilize only the minimum number of DOF to

constrain the motion of a body. The closure force for the application of kinematic

design can be gravity, or spring loading or calmping, but must be applied through

the kinematic contacts. However, there are certain disadvantages associated – load

carrying limitation, stiffness may be too low for application and low damping.

These can be overcome by semi-kinematic approach. The direct way is to replace

all point contact with a small area. Doing so decreases the contact stress, but

increases the stiffness and load carrying capacity.

In literature, two basic kinematic couplings are widely studied. Maxwell cou-

pling, which consists of three radial Vee-grooves on one plate and three balls on the

other plate and Kelvin coupling, which has its three balls rested on three geome-

tries, viz., trihedral nest, a Vee-groove and a flat plate. But Kelvin coupling is a non-

symmetric coupling and is not suitable for high speed operations. Maxwell config-

uration is preferred when the orientation of the v-grooves is to be decided. This can

be done with the help of Maxwell’s criterion (Slocum 1992). For balanced stiffness

in all directions, the contact force vectors should intersect the plane of coupling

action at an angle of 45�. Besides, when there is a case of external loading, stability
is ensured by applying a preload. Here, the external loading is from the cutting

forces generated by micro milling operations. Apart from these basic configura-

tions, Slocum proposed a Gothic arch design for the vee-grooves (Slocum 1988),

instead of their flat sides. When this configuration is used, the effect of

Fig. 1 Micro factory testbed and semi kinematic mounts used for modularity
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contamination at the interface due to repeated loading would be less. Although,

Maxwell couplings are preferred for their easy manufacturability, stability of both

Maxwell coupling and Gothic arch design have been investigated in this work.

2 Determination of Preload

Forces acting on the contact points and total system (reaction, friction, external

forces) are listed below. The notations assumed are shown in the Fig. 2.

In the equations ‘P’ represents the reaction force, ‘Fs’ represents frictional force
along the side of the groove, ‘Ft’ represents frictional force along the axis of the

groove and ‘R’ is the magnitude of the reaction force. Also, x is the groove angle, y

is the angle involved in coupling triangle and Wt is the weight of the structure.

Coefficient of friction is denoted with ‘u’ [Here u is considered as 0.3]. The

maximum cutting forces that can be generated in the micro milling process are

10N (perpendicular to feed direction, in horizontal plane), 7N in feed direction and

4N (perpendicular to feed direction, in vertical plane). The equilibrium equations

were solved for the reaction and frictional forces using MATLAB.

P1a
P1b
P2a
P2b
P3a
P3b

2
6666664

3
7777775
¼

R1acosx siny R1asinx R1acosx cosy

� R1bcosx siny R1bsinx �R1a cosx cosy

R2bcosx siny R2asinx �R2a cosx cosy

� R2bcosx siny R2bsinx �R2b cosx cosy

R3acosx R3asinx 0

�R3bcosx R3bsinx 0

2
6666664

3
7777775

ð1Þ

Fig. 2 Planar kinematic coupling layout
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Fs1a
Fs1b
Fs2a
Fs2b
Fs3a
Fs3b

2
6666664

3
7777775
¼

�u� R1asinx siny u� R1acosx �u� R1asinx cosy

u� R1bsinx siny u� R1bcosx u� R1a sinx cosy

�u� R2asinx siny u� R2acosx �u� R2asinx cosy

u� R2bsinx siny u� R2bcosx u� R2b sinx cosy

�u� R3asinx u� R3acosx 0

u� R3bsinx u� R3bcosx 0

2
6666664

3
7777775

ð2Þ

Ft1a
Ft1b
Ft2a
Ft2b
Ft3a
Ft3b

2
6666664

3
7777775
¼

�u� R1acosy 0 u� R1asiny

�u� R1bcosy 0 u� R1b siny

�u� R2acosy 0 u� R2asiny

�u� R2bcosy 0 u� R2bsiny

0 0 u� R3a

0 0 u� R3b

2
6666664

3
7777775

ð3Þ

W ¼ 0 wt 0½ � and the external forces are Fext ¼ Fx Fy Fz½ �:

The maximum stability condition is achieved when the cutting forces are in a

direction as shown in the Fig. 3. For this condition, the preload required for the

system to be stable is 15N, i.e., 1.5 kg, in addition to the self weight. A magnetic

preload is always preferred. But instead, a maximum preload which doesn’t affect
the materials can be applied. As the cutting forces are dynamic in nature, this

extra preload can compensate the induced instability. The reaction force values

at the six contact points were; R1a¼ 8.6047N, R1b ¼ 5.2472N, R2a ¼ 9.8148N,

R2b ¼ 2.5391N, R3a ¼ 15.7509N, R3b ¼ 0.0781N.

Fig. 3 Maximum stability condition
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3 Stiffness and Stress Evaluation

Hertz theory (Johnson 2003) generally refers to a point contact problem and can be

used to know the stresses at every contact point and stiffness in different directions.

The following assumptions are made in determining the solutions of Hertzian

contact problems:

• The strains are small and within the elastic limit,

• Each body can be considered an elastic half-space, i.e., the area of contact is

much smaller than the characteristic radius of the body,

• The surfaces are continuous and non-conforming, and

• The surfaces are frictionless.

Here, as the surfaces are also affected by friction, a deformation in tangential

direction is also considered in addition to normal deformation.

In the case of flat sided vee groove R ¼ Rb, and for gothic arch, R ¼ Rb 1þ ηð Þ=
1þ 2ηð Þ; where η ¼ 0:2 (Slocum 1988).

Equivalent Youngs modulus, Ee (or) E* is,

E* ¼ 1� v1
2

E1

þ 1� v2
2

E1

� ��1

ð4Þ

Equivalent area of contact, a ¼ 3�FN �R
4�E*

� �1=3
; FN ¼ contact force between 2 bodies

Deflection in normal direction is,

δz ¼ a2

R
¼ 9 � FN

2

16 � R � E*2
� �1=3

ð5Þ

Contact pressure,

q ¼ 1

π

� �
1

Re

� �1
3 3Ee2

2

� � 1=3ð Þ
¼ aEeð Þ= π Reð Þ ð6Þ

For tangential forces (Van Veggel and Nijmeijer 2008): The relative tangential

displacement of the contacting bodies in x-direction (tangential direction) due to the
tangential load is given by:

δx ¼ 3 � μ � FN

16 � a � 2� ν1
G1

þ 2� ν2
G2

� �
� 1� 1� FT

μ � FN

� �2=3
( )

ð7Þ

Where G1 the shear modulus of the sphere [N/m2], and G2 the shear modulus of the

flat [N/m2]. But as slip has already occurred, FT ¼ μ FN.
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Stiffness K ¼ F/x, the force-deformation equation with overall stiffness can be

represented as:

f
��
m

2
4

3
5 ¼

Kf=δ
�� Kf=θ

�� �� ��
Km=δ

�� Km=θ

2
4

3
5: dδ

��
dθ

2
4

3
5 ð8Þ

A rotation-translation transformation matrix is used to convert the local stiffness

matrices into global coordinate system (Hale and Slocum 2000).

Kx ¼ F ; K T*xð Þ ¼ T*Fð Þ and Kglobal ¼ TTK*T
� �

; if K is the local stiffness

matrix.

The evaluated stiffness matrix of the structure in Maxwell configuration is,

K ¼

1:8426 1:9482 1:8401 �0:0004 �0:0004 �0:0004
1:9482 2:0660 1:9571 0:0011 0:0011 0:0011
1:8401 1:9571 1:8647 0:0007 0:0008 0:0008
�0:0004 0:0011 0:0007 �0:0004 �0:0006 �0:0008
�0:0004 0:0011 0:0008 �0:0006 �0:0007 �0:0010
�0:0004 0:0011 0:0008 �0:0008 �0:0010 �0:0011

2
6666664

3
7777775
� 108

The evaluated stiffness matrix of the structure in Gothic arch configuration is,

K ¼

1:7503 1:8506 1:7479 �0:0003 �0:0004 �0:0003
1:8506 1:9625 1:8591 0:0010 0:0011 0:0010
1:7479 1:8591 1:7713 0:0007 0:0007 0:0007
�0:0003 0:0010 0:0007 �0:0004 �0:0006 �0:0007
�0:0004 0:0011 0:0007 �0:0006 �0:0007 �0:0009
�0:0003 0:0010 0:0007 �0:0007 �0:0009 �0:0011

2
6666664

3
7777775
� 108

It can be seen that stiffness for Gothic arch is less than the Maxwell configura-

tion. Further, manufacturing and cleaning the Gothic arch is time consuming and

difficult compared to flat Vee-groove, therefore Maxwell configuration couplings it

is suggested to opt for the flat sided vee groove.

4 Stability Analysis by Varying Load

Experiments were conducted to know the behavior of the coupling when load is

gradually varied (Fig. 4). As it is practically difficult to measure the displacement of

top plate that carries high speed spindle in-situ in milling operation, instability of

the mounts under varying load was done offline. Load is applied in two directions;

negative X-direction and negative Z-direction. To take measurements a sharp tip is

mounted vertically at the center of the coupling plate, at a height of 519 mm from
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the base of the coupling. Each time the load is varied, the displacement at the tip

were measured. This was done by setting up an identical tip against it. When there

was a deflection in lower tip the upper tip was adjusted such that it always coincided

with the lower one. A coordinate measuring instrument was attached to the upper

tip to help in its movement. As there was no availability of load cell, a string was

tied to the coupling on one side and to a bottle on other side. Load was varied by

varying the amount of water in the bottle.

Displacement in X direction has been found to be higher with varying load.

Displacement in Y direction is almost always less than the deflection in the other

two directions. As the load was not gradually varied, but always removed and

applied again, uneven fluctuations in the displacement might have occurred. The

displacement band is compact in the case of varying load in X direction compared

to the variation of load in Z direction. This shows that the precision machining is

still possible even if forces in X direction vary. It is also observed that one of the

point contacts (Fig. 4) is lost when a load of 19N is applied in –ve X-direction and a

load of 19.46N in Z-direction. In Fig. 4 the location of contact loss is shown. But

theoretical calculations show that, to lose contact at 2a, loads must be 5N and 15N

in – ve X and Z directions respectively. This is believed to be because of the string

elasticity and because of the uneven friction present at the six contacts. So, this

should be avoided.

5 Conclusions

It is appreciated that the deployment of micro-nano systems/devices for rapidly

growing applications such as optical systems, solar cells and biomedical devices,

demand for modular micro machines that could be reconfigurable for family of

parts. In this paper, stability of semi-kinematic mounts under the micro machining

forces has been investigated. It has been found that Maxwell coupling configuration

Fig. 4 Experimental set up showing lost point contact
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is more stable than the Gothic design for this specific micro factory system design.

While the requirement of pre-loading of 15N is taken care by the self weight of high

speed spindle and its mounting elements, experiments were performed by varying

loads in other two axes. These mountings were stable, the deflection measured in

Cartesian coordinates indicate that change in force in X-direction (feed force in

micro milling) has significant effect than that of normal force (along Z-axis,

i.e. tool axis). The designed Maxwell semi kinematic mounts could withstand

forces upto Fx ¼ 19N and Fz ¼ 19.4N that ensures precision machining at normal

micro milling conditions of Fx ¼ 10N; Fz ¼ 7N and Fy ¼ 4N. It has been

demonstrated that semi-kinematic mounts which are otherwise widely used in

optical equipments can be adopted in the design of modular machines used for

micro manufacturing. Further, these mounts allows quick ramp-up that make

reconfigurable micro manufacturing systems a reality for effective and quick

fabrication of a family of micro-nano scale products in batch scale.
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Multibody System Simulation of Hysteresis
Effect by Micro Textile-Reinforced
Compliant Mechanisms with Piezo-electric
Actuators

D. Mărgineanu, E.-C. Lovasz, and N. Modler

Abstract The function integration in textile reinforced compliant structures

requires integrated actuation besides mobility and sensors. Especially in micro-

mechanisms, the piezo-actors are very useful due to their compactness, high forces

and electrical control. However, the actuation hysteresis may be a problem in

designing such structures aiming specific movements. Some procedures for

multibody simulation taking into account the piezo-electric hysteresis effect are

presented in this paper.

Keywords Piezo-actuators • Hysteresis • Micro-mechanisms • Multi body system

simulation

1 Introduction

Compliant mechanisms (CM) consist of elements with higher rigidity and compli-

ant elements, with higher elasticity according to their functional purpose (Howell

2001). Also, classic rotational joints in hybrid structures or elastic joints in mono-

lithic structures may be used. CM can fulfill desired functions with minimum

number of elements and joints. Textile reinforced structures are especially suited

for building CM, as they may have variable rigidity.

By integrating sensors and actuators in the composite structure, active textile

reinforced compliant mechanisms (A-TCM) are obtained, further reducing the prod-

uct complexity and costs. Piezo-electric actuators, with their compactness and high

actuating forces, have certain advantages by using them in ATCM, as allowing direct

electrical control (Elspass and Flemming 1998; Hufenbach et al. 2006b).
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The A-CM transmission function and the trajectories, depending both on ele-

ments geometry and on the loads, and are strongly influenced by the elastic and

inertial properties of the materials used (Hufenbach et al. 2006a; Modler 2008;

Midha et al. 2000), thus the desired accurate motion can be obtained only after tests,

re-design and adjustments, implying high costs and consuming precious time

(Modler et al. 2009).

The increasing number of compliant mechanisms industrial applications led to

researches on design approaches for developing compliant mechanisms for required

motion and force-deflection characteristics (Hufenbach and Gude 2002; Hufenbach

et al. 2007). The Pseudo-Rigid-Body Model (PRBM) allows compliant mecha-

nisms to be modeled and analyzed as rigid-body mechanisms and significantly

reduces the analysis complexity.

Parallel mechanisms, a bicycle derailleur and parallel-motion bicycle brakes are

presented in (Mattson et al. 2004). Compliance comparison between multi-spring

model and finite-element analysis for multidimensional acceleration sensors are

done in (Gao and Zhang 2010). Analysis and design of an under-actuated compliant

variable stroke mechanism by employing PRBM is studied in (Tanık and S€oylemez

2010).

A-CM with various functioning principles are also extending their application

range. On-chip sensing of bi-stable mechanism state using the piezo-resistive

properties of poly-silicon (Anderson et al. 2006), is made by detection of changes

in position by changes in resistance across the mechanism.

A piezoelectric driven compliant-based micro-gripper mechanism for manipu-

lation of micro objects, shown by (Nashrul et al. 2009) address the nonlinearities

associated with the application of conventional rigid hinges.

By A-TCM, analytical calculations can only give rough approaches because the

calculus models include partial differential equations systems, the initial and limit

condition depending on the parts geometry, yet to be determined. Or, the calculus

model is simplified thoroughly, thus the results are not accurate enough.

A simulation procedure should be carried out between the analytic dimensioning

and the FEM modeling step.

This simulation should observe some basic requirements:

– all the initial simulation parameters should be defined according to the dimen-

sions, materials and loads of the simulated system;

– the simulation results should estimate with an accepted limit error the behavior

of the real system;

– the simulation parameters should be easily changed, also according to optimi-

zation procedures;

The simulation procedure should be fast, reliable and repeatable.
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2 Modeling A-TCM for Simulation

Piezoelectric energy converters provide high forces, response times of a few

milliseconds and a positioning accuracy of a few nanometers, but only at more

than one to two thousand Volt. In Eq. (1), by inverse piezoelectric effect used for

actuation, the mechanical strain S depends on mechanical load T and electric field

strength E. If the tensor of mechanical parameters on the surface of a crystal is

considered, the linear equation in vector form is, in Voigt’s notation is:

Sf g ¼ sE
� � � Tf g þ dt½ � � Ef g ð1Þ

where:

[dt] is the matrix for the reverse piezoelectric effect,

εT – permitivity Matrix for T ¼ 0,

sE – compliance matrix for E ¼ 0.

So, an accurate simulation model for an A-TCM should ensure both an adequate

compliance and an actuation depending both on the input signal and on the effort in

the actuator.

As the stroke of a piezo-actuator is very small, bending actuators with two

layers: one passive and one active (see Fig. 1) are used. In this paper, an actuator

with carbon fiber composite (CFC) as passive base layer and micro fiber composite

(MFC) as actuator layer is considered.

The compliant RBS simulation model proposed for the actuator is composed of

some simulation cells linked base-to-end to one another.

In order to better describe the piezoelectric actuation which adds the actuating

and elastic deformations, the model presented in Fig. 2 is introduced. The 3 DOF

simulation cell is a 6-bar mechanism with 4 revolute joints and 2 prismatic joints.

Actuator layer

Passive base layer

Fig. 1 The active element layers

As,j-1

Ai,j-1

As,j

Ai,j

kl

xa

Fig. 2 Active element cell

kinematical model with

3 DOF and 2 prismatic

joints simulating the piezo-

actuating effect
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The active equivalent layer Ai,jAi,j+1 is composed of 3 elements, linked by 2 pris-

matic joints. The actuation xa in the active joint obtained by applying the voltage U

will be:

xa ¼ Λ � L j ð2Þ

with the actuating deformation Λ given in Eq. (3) with respect to input voltage U:

Λ ¼ d33 � E ¼ d33 � U

tIDE
ð3Þ

with d33- piezoelectric constant, and tIDE – distance between electrodes.

The elastic deformation of the actuator piezo-ceramic layer is simulated by the

helical compression spring with the rigidity kl:

kl ¼ E2 � b2 � ha
L j

ð4Þ

The active layer is joined to the interface element in the rotational joints Ai,j and

Ai,j+1. In order to simulate the bending compliance of the two layer actuator, torsion

springs are inserted in the upper and lower As,i;j rotational joints. As two springs are

connected on each side of the interface to ensure equal angles with the current an

the previous layer element, the rigidity of these springs is calculated as the double

of the equivalent bending rigidity of the CFK and MFC layers:

kθs, i ¼ Mj

θs, i; j
¼ E1,2 �

Iz1,2

L j

; ð5Þ

where

– Iz1,2 – the area moment of inertia of each of the two layers cross-section:

Iz1,2 ¼
b1,2 � h1,23

12
; ð6Þ

with b1,2, the width and h1,2, the thickness of the active and passive layers.

The modeling and simulation was performed using the Solidworks software with

Motion Analysis. In Fig. 3, the model of the bending piezo-actuator built according

to this procedure is shown.

The actuation xa of the linear motor in the simulation cell as a time-dependent

function to be used in simulations will be determined in the following, taking into

consideration the hysteresis effect.
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3 Continuous Preisach Model Simulation of Piezo-electric
Hysteresis

In order to simulate the hysteresis of the piezo-actuator, a procedure to convert the

input voltage signal in the displacement output with hysteresis is needed.

The continuous Preisach model for hysteresis describes the output function as:

y tð Þ ¼ Γ � x tð Þ ¼
ZZ

β�α
μ α; βð Þ Rα,β x tð Þ dα dβ : ð7Þ

where y(t) is the output signal, x(t) is the input signal, μ(α,β) is the density function
and R(α,β) is the hysteron (see Figs. 4 and 5).

For equal density continuous Preisach operator, the integral reduces to the aria of

a triangle in the Preisach plane, i.e. a 2nd degree input/output dependency.

So, for a continuous variation of the input voltage from the minimum to the

maximum value and back, the output deformation may be approximated with

Eq. (8), as the voltage rises from Umin to Umax (see also Fig. 5),

x1 Uð Þ ¼ xmin þ xmax � xminð Þ � U� Umin

Umax � Umin

� �r1

ð8Þ

and, for the voltage falling from Umax to Umin, with Eq. (9)

x2 Uð Þ ¼ xmax � xmax � xminð Þ � Umax � U

Umax � Umin

� �r2

ð9Þ

Fig. 3 The 3d model of the simulation cell for the bending piezo-actuator
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The exponents r1,2, calculated with Eq. (10), are used to adjust the approximation

curves to fit better to the experimental ones by passing through the third precision

point (Um1,2; xm1,2):

r1 ¼
ln xm1�xmin

xmax�xmin

ln Um1�Umin

Umax�Umin

; r2 ¼
ln xmax�xm2

xmax�xmin

ln Umax�Um2

Umax�Umin

ð10Þ
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Fig. 5 Geometrical interpretation of Preisach nonlinearity with standard discrete support

Fig. 4 Non-ideal relay and its corresponding point on the Preisach plane
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For a simulating cell 29 mm long, Umax ¼ 1,500 V max voltage, d33 ¼ 4.6 102

pC/N piezoelectric constant and tIDE ¼ 0.5 mm distance between electrodes, the

total actuator stroke calculated with Eqs. (2) and (3) is 40 μm. The negative

displacement at Umin ¼ �500 V is – 4 μm, i.e. 10 % of the maximal displacement.

Approximation curves with r1 ¼ 1.5 and r2 ¼ 2 calculated for Um ¼ 500 V, xm1 ¼
12 μm and xm2 ¼ 28 μm are presented in Fig. 6.

For a saw tooth voltage input signal in Eq. (11) and Fig. 7, the output piezo-

electric displacement cycle of the active layer with hysteresis effect with Eqs. (11)

and (12) will be as in Fig. 8.

U tð Þ ¼ Umed þ Uam p � 4t

T
� 1� 2int

2t

T

� �� �
� �1ð Þint 2t

Tð Þ ð11Þ
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Fig. 6 The hysteresis cycle approximated with the continuous Preisach model
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For simulations, a table of displacements versus time is generated to be used by

controlling the linear motor in the simulation cell by interpolation, as in Fig. 9. The

command window for the linear motor of the simulating cell is presented in Fig. 10.

The simulation model for the bending actuator built with the proposed simula-

tion cells is presented in Fig. 11, and the simulation results are shown in Fig. 12.
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Fig. 8 Approximated piezo-electric displacement output signal for saw tooth input signal
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Fig. 10 The command

window for the linear motor

of the simulating cell

Fig. 11 Bending actuator simulation model
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Fig. 12 Simulation results for the bending actuator with hysteresis
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The simulation is more accurate as more precision points on the action table are

used. Because the active deformation of linear piezo actuators is very small, the

resolution of the simulation software is important. Resolutions of 0.01 mm may

result in insufficient accuracy of the model.

4 Discrete Preisach Model Simulation of Piezo-electric
Hysteresis

The continuous model may be used for simulating A-TCM behavior in complete

cycles, from minimum to maximum input voltage. As to simulate mechanisms with

intermediate positions controlled by piezo actuators, where the hysteresis gives

more complicated output displacements, a simulation procedure using a discrete

Preisach model is proposed (see Fig. 13).

The discrete model is composed of a group of non ideal relays and adjustable

gains parallel connected.

Modeling the piezo-electric deformation Output signal with hysteresis is done by

adjusting the switch on and the switch off points of the Relays 1–6 and the Gains 1–6.

Fig. 13 Matlab Simulink model for discrete Preisach piezo-electric hysteresis simulation
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There strategy for determining the switch on/switch off points and gains is to

have equal gains Δy for the n relays.

Δy ¼ ymax � ymin

n
ð12Þ

The switch on/switch off points are determined from the experimental hysteresis

curve (Fig. 14) as the abscissa of the intersection points between the curve and

horizontal lines at yi ¼ i Δy. The left point abscissa is the switch off point and the

right point abscissa is switch on point of the relay.

This procedure insures a good approximation for the steep parts of the hysteresis

curve, but lower accuracy for zones with lower slope.

In order to optimize the approximation without increasing the number of

switches, a procedure with variable gains according to the local slope of the

curve is to be developed.

The hysteresis cycle approximated with the discrete Preisach model is presented

in Fig. 15.

The approximated input/output dependency is used to control the linear motor in

the simulation cell. This model may be used in case of an input signal variable

within the input range, with ups and downs not necessarily to limits.

Fig. 14 Experimentally determined piezo-electric hysteresis
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5 Conclusions

The procedure for simulation of the piezo-actuators with hysteresis presented in this

paper allows the designer to approach the behavior of A-TCM in the mechanism

synthesis stage.

The hysteresis effect may be important in function or path generating mecha-

nisms and is not to be neglected.

The continuous Preisach model for hysteresis is useful for stable input voltage

signals oscillating stably between minimal and maximal values.

For variable input signals, the discrete Preisach model may provide a simulation

tool able to predict the mechanism’s behavior in the synthesis stage of the devel-

opment procedure.
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Electrical Performance of Electrically
Conductive Silicone Rubber in Dependence
on Tensile Load According to Various
Parameters

M. Issa and L. Zentner

Abstract The paper presents the results of many investigations to make clear how

the different parameters of tensile load which will possibly control the use of a

strain sensor made of the conductive silicone rubber affect the electrical properties

of this material. In order to clarify the behavior of this conductive silicone rubber

during the cyclic load other tests are implemented on several specimens for each

test to compare their behavior. The compliant systems with such sensors do not

require mounting, and also they can be miniaturized. The target of these investiga-

tions is to use the conductive silicone rubber as a strain sensor by means of

changing its electrical properties depending on the tensile load under different

conditions.

Keywords Conductive silicone rubber • Compliance • Tensile test • Silicone

elastomers • Cyclic load • Strain sensor

1 Introduction

The carbon-black filled silicone rubber -which is electrically conductive- has the

ability to change its resistance as a result of deformation. These properties make

this material suitable to develop force or deformation sensors (Valenta and Bojtos

2008). Another benefit of conductive silicone rubber is its high elasticity. This new

silicone rubber sensor offers new opportunities for the measurement and control of

high elasticity structures (Valenta and Huba 2007). Generally one can say that this

material could be used as sensor for the measurement of mechanical forces and

this sensor will be useful for example in the field of robotic applications

(Patent application. Robust sensor for measuring mechanical force). A compliant

gripper with sensor elements made of carbon-black filled silicone rubber, which

were used to detect the presence of the object and its size is presented in
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(Issa and Zentner 2012; Issa and Petkovic 2013). The sensor elements are parts of

the compliant structure and also have the sensing ability (see Fig. 1).

Another application is a compliant joining structure with embedded sensors

made of conductive silicone rubber (Issa and Petkovic 2011). The sensory charac-

teristics are for detecting the rotation direction of the joint during the collision in

order to prevent strong impacts or at least to minimize them, as shown in Fig. 2.

Fig. 1 Compliant gripper

with embedded sensors

made of conductive silicone

rubber (Issa and Zentner

2012; Issa and Petkovic

2013)

Fig. 2 Compliant joining structure with embedded sensors made of conductive silicone rubber

(Issa and Petkovic 2011)
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As it is our aim to design a strain sensor, different parameters for tensile tests are

studied. The change of the electrical material properties is measured in dependence

on different parameters – at first on the strain and then on the velocity of the tensile

load – and also under cyclic load. The changing of the electrical resistance of the

specimens is measured with the help of Cu-wire netting as electrodes. These

electrodes are attached to both ends of the specimens during the vulcanization of

the specimens to ensure good connections (Risto 2013).

2 Preparation of the Specimen

The specimen consists of five parts. The first one is made of electrically conductive

silicone rubber (Elastosil® R 570/50 MH C1) with dimensions of 100� 2� 5 mm3

and the other parts are made of non-conductive silicone rubber (Elastosil® R

420/70 MH C1) with each part of them being the dimensions of 10� 11.5� 5 mm3.

The five parts are connected by using a special technology (see Sect. 2.1). The

material, which the specimens are made of, will be used for press moulding.

2.1 Connecting the Conductive Silicone Rubber
with the Non-conductive Silicone Rubber

In order to test the electrically conductive silicone rubber under tensile load without

any other effect like for instance the mechanical compressive forces, it is necessary

to use a holder shown in Fig. 3 which needs an additional part made of silicon to

stabilize the specimen in it. It is better to make this part of non-conductive material

in order not to confuse the electrical resistance measurements. Therefore it is useful

to connect the non-conductive silicone rubber with conductive silicone rubber. The

Fig. 3 (a) Press tool; (b) Holder (Issa and Zentner 2012)
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holder is clamped in the jaws of a test machine. During the study, various connec-

tion modes of non-conductive silicone rubber with conductive silicone rubber are

investigated. It was found that the best process for a good connection to press the

prefabricated conductive silicone rubber with the raw non-conductive silicone

rubber. In this way both materials are bonded together, and the connecting line is

nearly a straight line, which cannot be achieved by another process. For example,

there is no connection between the materials (conductive and non-conductive

silicone rubber) if all parts (which are made of these materials) are prefabricated

before they are pressed together. On the other hand, if all parts are made of raw

material, the connecting line will not be straight, which can affect the electrical

resistance of the specimens through different cross-sections.

2.2 Preparation of Tensile Specimens Using a Hot Press
Machine

The press tool is designed to produce specimenswith the help of the hot pressmachine.

The design of this press tool enables it to produce the specimen in two steps, as shown

in Fig. 3.We press the conductive silicone rubber specimenwith the available Cu-wire

netting attached to both ends of this specimen, and then the prefabricated conductive

silicone rubber specimen is pressed again with the raw non-conductive silicone

rubber. The Cu-wire netting is placed between them accordingly.

3 Measurements of the Electrical Material Properties
as a Function of Tensile Load

The tests are performed by using a Zwick ProLine material-testing machine Z005.

The tensile test is executed with different parameters to prove whether these

parameters have an effect on the electrical resistance of the silicone rubber or

not. All specimens are unloaded before testing, because each specimen needs

time for relaxation after load before it can be used again, and this relaxation time

depends on the maximum stretch (Spielmann 2006).

3.1 Dependence of the Electrical Material Properties
on the Strain

In this section some tests are implemented to define the effect of the strain on the

electrical material properties. The condition here is a constant velocity in all tests with

its value being 10mm/min. The specimen is 78mm long, and the elongation is 30mm
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(38.46%) in the first test; in the second one it is 40mm (51.28%). Each test is repeated

five times immediately after each other. The tensile test is illustrated in Fig. 4.

In the tests, it becomes clear that the specimen must be pretested because the

curves at the first load and at the following four loads differ qualitatively. The range

in which the resistance at different strain values changes is almost the same for both

investigations with 30 mm and 40 mm elongation. The change of resistance in the

first test reaches a value of about 90 % in both cases, and it reaches almost half the

value (45–50 %) in the last 4 tests in these two investigations. Furthermore, one

cannot detect the strain value via the resistance value, because there are two values

of the strain for each value of the resistance, as clarified in the conclusion later.

3.2 Dependence of Electrical Material Properties
on the Velocity of the Tensile

The purpose of these tests is to determine the effect of the velocity of the tensile

load on the electrical material properties. The applied elongation during the tensile

Fig. 4 The relationship between resistance change and the strain or the time under tensile test at

different strains and for several times: (a) Strain 38.46 %; (b) Strain 51.28 %
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load is 30 mm (38.46 %) and this value is still constant in all tests, but the velocity is

different: in the first test it is 5 mm/s and in the second test it is 10 mm/min, as

shown in Fig. 5.

Figure 5 illustrates that the faster the load on the specimen is, the greater is the

maximum value of the resistance change, and that is clear in the first cycle, in the

following four cycles, the difference between both tests is not so great.

3.3 Change of the Electrical Material Properties Under
Cyclic Load

The cyclic load test is executed with the purpose of spotting the behavior of the

conductive silicone rubber under these specific test conditions and to illustrate the

change of its electrical properties caused by the deformation. The test consists of

16 cycles, at every cycle the specimen is stretched 30 mm (38.46 %) and then

unloaded until the starting point of this test. The velocity of the test is 10 mm/min.

At the end of this test it is found that the specimen is sagged, as shown in Fig. 6.

In order to cope with the aforementioned problem another cyclic test is executed.

This test consists of 16 cycles. During every cycle the specimen is stretched 30 mm

Fig. 5 The relationship between resistance change and the strain or the time under tensile load at

different velocity values and for several times: (a) Velocity 5 mm/s; (b) Velocity 10 mm/min
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(38.46 %) and then unloaded until a tensile force equal to zero and this end point of

the unloading step is set by the machine. This test has the same velocity of 10 mm/

min. The results are illustrated in Fig. 7.

At the beginning of this test the sagging increases after every cycle, and it

remains almost constant up the fourth cycle. That means, at each unloading step

of these four cycles the force is zero at different strain percentages and the curves do

not have the same starting point. After many executed tests it was found that the

force value is zero in most cases at the point of about 7 mm and this is equal to

8.97 % of the length of the specimen. In order to make the starting point the same

with all curves for easy comparison between them, it is important to unload the

specimen at each unloading step until a certain strain percentage, which is set at

7 mm in the following test, as illustrated in Fig. 8. The sixth cycle of the cyclic load

shows the run of the curve during the loading and the unloading step clearly, as

clarified in Figs. 7b and 8b.

Fig. 6 Sagged specimen after cyclic load

Fig. 7 Tensile test: (a) Cyclic load, unload until force equal 0 N. (b) 6th cycle
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4 Conclusions

In this section, the results of the above-mentioned tests as well as the rules for

application of conductive silicone rubber to develop a sensor element are presented

as following:

1. The first tensile test applied on each element for any parameters is different from

other tests as seen in Figs. 4 and 5. Hence the actuation of the elements for

several times is necessary for application as a sensor.

2. The resistance change of the conductive silicone rubber element significantly

depends on the speed especially during the first tensile load. As illustrated in

Fig. 5, conductive silicone rubber is suitable for applications as a sensor with

different measurement speeds (the tested one at least).

3. The length of the sagging -where the force is zero during unloading or loading-

depends on for how many times the element was loaded and also on the amount

for which it was stretched. In the cyclic loading (at 38.46 % strain each time), it

is noticed that after the fourth cycle the sagging is almost constant (see Fig. 7).

Consequently the sensor has a better behavior under cyclic load.

4. The element must be stretched before using, so that we can overcome the

sagging which occurs under cyclic load. If the force acts no longer, the element

will be relaxed to the selected strain. The run of the curve of resistance change is

nearly the same for many cycles, as shown in Fig. 8. Thus the qualitative run of

the curve can be used for each sensor element.

5. In the diagram showing the change of resistance depending on strain (e.g. at

38.46 %) one cannot determine how much the elongation will be at a point

whose resistance value is known, even though it is clear when the loading or the

unloading step in this diagram occurs, because there are two values of strain for

each value of resistance, as shown in Fig. 9. If one takes a smaller strain

(e.g. 6.41 %, it is 5 mm), one can determine the elongation. Therefore, applica-

tion for small strain loading is recommended.

Fig. 8 Tensile test: (a) Cyclic load, unload until strain 8.97 %; (b) The 6th cycle
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5 Summary

The results of the above-mentioned investigations show that this material can be

used as sensor element in the application for small strain loading, and where only a

qualitative analysis important is. Furthermore, this material is suitable to use as

sensor element in the compliant mechanisms, where the compliance has to be

insured. In addition to that, they do not require mounting, and also they can be

miniaturized.
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