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Abstract: In this paper the development of a macro parallel robot is presented in which 
conventional bearings are replaced by pseudo-elastic flexure hinges. The robot 
consists of a spatial parallel structure with three translational degrees of 
fieedom and is driven by three linear direct drives. The structure has been 
optimized with respect to workspace and transmission ratio. Additionally, in 
simulations with the FEA tool ANSYS different geometrical arrangements and 
combinations of flexure hinges have been investigated with respect to the 
dynamic behavior of the compliant mechanism. Due to the symmetrical 
character of the structure and the optimized design of the combined flexure 
hinges the structure is very stiff The experimental measured repeatability of 
the compliant robot is below 0.3 pm. 
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INTRODUCTION 

The suitability of robots, which can be used for micro assembly tasks, 
depends on the performance specifications referred to accuracy. Usually 
different terms are used to describe these specifications.  loc cum' explains 
these terms in a very demonstrative way: Accuracy is the ability to tell the 
truth, repeatability is the ability to tell the same story each time and 
resolution is the detail to which you tell a story. A more formal definition for 
these terms is given in the IS0 standard EN IS0 9283 and specifies 
appropriate test methods. The accuracy of a robot is generally influenced by 
systematic and stochastic failures. While systematic failures can be 
compensated directly by the robot control, if they are known, stochastic 
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failures can not. These can be caused by the travel of bearing cage and 
clearance in the joints of a robot. Due to their structure, parallel robots are 
typically built up with a high number of joints. These joints mostly have 
more than one degree of freedom which may result in a decreasing precision. 
For high precision assembly tasks in microsystem technology, these 
problems have been overcome by using flexure hinges instead of 
conventional rotational  joint^.^,^,^ The integration of flexure hinges in 
parallel structures is relatively simple because, except for the drives, all 
joints are passive. Since flexure hinges gain their mobility exclusively from 
a deformation of matter, they do not posses the above named disadvantages 
of conventional joints. The allowable strains of the deformed hinge material 
are the limiting factor for the attainable angle of rotation. Basic parameters 
accounting for the maximal angle of rotation are the geometry, geometrical 
dimensions and the elastic and plastic material properties. Designing flexure 
hinges is always a compromise between accuracy, compact over-all 
dimensions, high mobility, out of axis stiffness and the aspired life cycle of 
the product. At present flexure hinges are mainly used in small devices like 
micro-positioning devices and micro-grippers with small angular deflections 
and limited workspaces, but high 

In this paper an approach for using flexure hinges in a macro parallel 
robot, which offers a larger workspace than typical compliant mechanism is 
presented. Conventional joints were replaced with flexure hinges made of 
shape memory alloy. Due to large reversible strains of the used material, 
maximal angular deflections of the used hinges of * 30" are possible. This 
high mobility can be achieved with high kinematic accuracy and a relative 
small design space at the same time. This offers the possibility to design 
robots with high accuracy and resolution with sufficiently large workspaces 
for typical micro assembly tasks. 

2. FLEXURE HINGES 

A wide variety of different designs of flexure hinges are proposed in the 
They are designed monolithic or hybrid allowing for up to 3 

degrees of freedom (DOF). In most cases it is tried to achieve high angular 
deflections with small occurring elastic strains. Using pseudo-elastic SMA 
for flexure hinges offers the possibility to design hinges with large angular 
deflections and small kinematic deviations at the same time. For the flexure 
hinges in this robot a pseudo-elastic CuAlNiFe single crystal SMA is used. 
This SMA has a superior machinability than NiTi-SMA and offers reversible 
strains up to 17%. Fig. l(a) shows the well known flexure beam and flexure 
notch hinge. Generally, the notch hinge permits smaller angular deflections 
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than the flexure beam hinge but it has an advanced kinematic behavior and is 
more insusceptible against unintentional deformations and buckling. 

Kinematic deviations are caused by the instantaneous centre of rotation 
which has no fixed position relative to the rigid links but moves during 
deflection.",l2 The deviation Asfl, is calculated by the difference of the 
coordinates of point E (Fig. 1) lying on the deflection curve of the hinges 
and the ideal joint. The deviation depends mainly on geometry, geometrical 
dimensions and deflection of the hinge. The larger the part of the hinge 
where the deformation takes place the larger the deviation13. For the 
compliant robot, pseudo-elastic flexure notch hinges with R = 15 mm and 
h = 0.15 mm are used (1 = 27mm). These geometrical dimensions are an 
optimum between small kinematic deviations and small occurring strain 
rates. The resulting deviations are 67 p m  at 30' deflection. This flexure 
notch hinge is comparable to a flexure beam hinge with lh = 2 rnm, though 
easier to manufacture. 

The movement of the instantaneous centre of rotation is also reflected in 
the kinematic behavior of the robot with integrated flexure hinges (compliant 
mechanism). The compliant mechanism was simulated by means of FEA. 
For certain positions of the tool centre point (TCP) the displacements of the 
drives have been computed solving the inverse kinematic problem (IKP) of 
the rigid body model. These displacement values where used as constraints 
for the nodes representing the drives in the FE-model. The difference AscM 
between the analytically computed TCP and the TCP of the compliant model 
can be determined within the whole workspace with Eq. (1). 

Starting from the undeformed initial position of the compliant 
mechanism the deviations are increasing with increasing displacement of the 
TCP (Fig. 2). Reasons are the larger deflections of the hinges and the 
accompanying increasing deviations compared to ideal joints. 

Figure 1. Flexure beam (a) and notch (b) hinge with 1 DOF 
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Figure 2. Kinematic deviation of  the con~pliant mechanism (CM) and the rigid body model 
(RBM) with ideal rotational joints (zYrCp = constant) 

For example a planar movement in an area of 60 x 60 inmz leads to 
maximal deviation of about 1.5 mm and if the movement is 60 mm in z- 
direction the deviation is only about 0.05 min. The simulations indicate that 
flexure hinges principally reduce the absolute positioning accuracy. The 
error is induced when describing the compliant mechanism by means of a 
rigid body model, neglecting the different kinematic behavior of flexures 
hinges compared to ideal joints. In consideration of the high number of 
flexure hinges the TCP deviation is relatively small but not categorically 
negligible. There exist approaches to increase the absolute accuracy of a 
compliant robot, e.g. by adding additional actuators7 or by varying the link 
lengths in the model depending on the deflection of the hinges14. To succeed 
with these approaches a very accurate calibration of the robot is required. 
Depending on the application it has to be decided whether the effort to 
compensate for the deviation is necessary. For many assembly tasks a high 
resolution and repeatability should be sufficient15, which are not influenced 
by these kinematic deviations. 

3. STRUCTURE OF THE PARALLEL ROBOT 

In the following section a short description of the structure of the chosen 
parallel robot is given (Fig. 3).l6,l7 The structure is a variant of the "Delta" 
robot of ~ lave l '*  and the "Star" robot of ~ e r v d ' ~ .  The robot consists of a 
spatial parallel structure with three translational degrees of freedom and is 
driven by three linear drives. The platform is connected with each drive by 
two links forming a parallelogram and allowing only translational 
movements of the platform and keeping the platform parallel to the base 
plane. The three drives of the structure are arranged in the base plane at 
intervals of 120" star-shaped. Thus the structure has a workspace which is 
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nearly round or triangle-shaped. By restricting the angular deflection of the 
flexure hinges the workspace is reduced and also changes slightly its shape. 
With a design angle of a,, = 34" the workspace of the structure is optimized 
with respect to dimension and shape (Fig. 4). The angle cco is the angle 
between the planes of the parallelograms and the working platform in the 
initial position of the structure with no deflections of the hinges (Fig. 3). 

drive 

prima 
axis 

secondary 

link 
parallelogram 

TCP 

Figure 3. Structure of the parallel robot ( ~ r i ~ l i d e ~ )  

Figure 4. Optimized workspace of the compliant robot: a) spatial view, b) top view 

Table 1 gives the results of this workspace optimization. The 
displacement of the drives is restricted to Aq = 3 15 mm and the geometrical 
dimensions are chosen to L = 350 mm and p = 45 mm. The restriction of the 
hinges deflections of h 30" reduces the workspace only minimal compared to 
the workspace with no angular restriction. The workspace reaches its 
maximum in the plane with z = -195 mm. The shape is roughly a circle with 
a diameter of 300 mm. Using flexure hinges with conventional spring steel 
(maximal elastic strains of 0.5%) the angular deflection is restricted to * 5'. 
In this case the resulting workspace of the structure is hundred times smaller 
compared to the workspace using pseudo-elastic flexure hinges. A restriction 
of the hinges deflection to i 20' decreases the workspace by the factor two. 
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Table 1. Workspace dimensions of the structure 
Deflection x min, max [mm] y min, max [mn]  z min, max workspace 

[mm] 
* 180" -218, 176 -206,206 -324,O 1 
* 30" -202, 176 -174, 174 -3 14, -26 0.88 
i 20° -138, 138 -118, 118 -282, -84 0.45 
i j0 -34, 34 -30, 30 -220, -170 0.008 

Due to the symmetric structure and the chosen length of the legs a 
homogeneous transmission behavior from the drives to the working platform 
is obtained. The dimensions of the structure are calculated in a way that the 
transmission ratio t from platform to drive is smaller than 1 within the used 
workspace (190 mm < z < 250 mm). Theoretically this enables a more 
accurate positioning of the platform than the drives t hem~e lves . ' ~ ,~~  

4. DESIGN OF COMBINED FLEXURE HINGES 

One problem of flexure hinges and compliant mechanism is that the 
hinges act as springs with restoring forces. Without any damping 
component, except for the inner material damping, the compliant mechanism 
normally tends to vibrate due to the compliance. In various FE-simulations, 
different geometrical arrangements and combinations of flexure hinges have 
been investigated with respect to the dynamic behavior (natural frequencies 
and forms) of the compliant mechanism. 

The spatial parallelogram of the structure is built with one primary axis, 
connected to the platform and the drives, respectively, and two secondary 
axes, at which the parallelogram rods are connected. The primary and the 
secondary axes must intersect to allow for two DOF. The flexure hinges with 
one DOF (Fig. 1) has to be combined in such a way offering two DOF with 
intersecting rotational axes (Fig. 5). This can be done either by arranging the 
flexure hinges of the primary axis between the flexure hinges of the 
secondary axes or on the outside of the secondary axes. 

Figure 5. Rotational axes of the flexure hinges and axes of the spatial parallelogram of the 
structure (left); final design of combined flexure hinges (right) 
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Fig. 5(left) (a) shows the design variant with the primary axis inside of 
the secondary axes (i-pa design) and Fig. S(1eft) (b) the design variant with 
the primary axis outside of the secondary axes (0-pa design). With additional 
spectrum analyses and transient analyses the frequencies of the structures 
could be determined which have the largest influence. Though the o-pa 
design seems to be a bit stiffer, the design variant with inner primary axis 
was chosen for the final robot design due to the possibility of a more 
compact design. Fig. S(right) shows the combination of single flexure 
hinges. Due to parallel and angular arrangement of the hinges, the torsional 
moments can be better absorbed and transformed into tension and 
compression forces. 

5. COMPLIANT PARALLEL ROBOT 

The final design of the compliant robot consists of 84 discrete flexure 
hinges and is built with CFK rods to minimize the moved mass which is 
1120 g (Fig. 6). The robot is driven by linear direct drives with an 
incremental measuring system with a resolution of 0.125 micrometer. An 
additional rotational axis can be mounted on the working platform to adjust 
the orientation of the end-effector. The footprint of the robot is -1280 x 980 
mm2 and with the actual configuration, a cube with a dimension of 112 x 112 
x 112 mm3 fits into the workspace. Due to symmetrical arrangement of the 
structure with respect to the support of the working platform and optimized 
combinations of flexure hinges a quite rigid structure was built and occurring 
vibrations are damped quite fast. Static FE-simulations of the robot in its 
initial position leads to a stiffness coefficient of 530 Nlmm in z- direction, 
which is the main joining direction. In the xy-plane the stiffness coefficient 
is smaller (-200 Nlmm), but aiso more than sufficiently for micro assembly 
tasks. 

Figure 6. Compliant robot with 3 DOF and optimized design of a flexure hinge with 2 DOF 
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A modal analysis of the final design leads to natural frequency of 
fi = 68.7 Hz, fi = 70.74 Hz und f3 = 120.7 Hz. The simulations were 
experimentally validated with deviations less than 8% (fi,,,= 65 Hz, 
f2,,, = 68 Hz und f3,ex = 112 Hz). The measurement of the second and third 
natural frequency is shown in Fig. 7. The first frequency could not be 
measured simultaneously. With measurements against the frame of the robot 
the first peaks with frequencies below 20 Hz could be identified as 
vibrations of the frame and basement. These are no vibrations of the 
structure itself. 
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Figure 7. FEM simulation of the compliant mechanism and experimental validation: Plot of 
the first mode with an natural frequency of 68 Hz (left) and measured natural frequencies 

The performance of the robot has been investigated by measuring the 
repeatability and the variance of multiple direction position accuracy. 
Capacitive sensors with a resolution of 8 nm have been used and the 
measures and calculations have been carried out according to EN IS0 9283. 
The repeatability (RP) is computed according to equation 3 where 1 denotes 
the mean deviation from the centroid of subsequent actual poses and S, 
denotes the standard deviation. Graphically the repeatability can be 
described as the radius of a sphere in which 99.7% of all subsequent poses 
lie (Fig. 8). 

The variance of the multiple direction position accuracy (vAP) expresses 
the deviation between the different average actual poses which result from 
approaching the same desired pose from three directions orthogonal to each 
other. This value is important for micro assembly tasks in which the end- 
effector has to move to the same position from different directions. 
Especially at this kind of robot movements, backlash in conventional joints 
plays a major role and this value vAP is often much worse than the 
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repeatability RP.'~ The experimental investigations with the compliant robot 
lead to a repeatability below RP = 0.3 ym (best values were RP,,, = 0.19 pm 
and in the xy-plane RP,, = 0.13 ym) and a variance of multiple direction 
position accuracy of vAP = 0.15 ym. These are very good results and could 
be even improved by increasing the resolution of the linear encoders. 

Figure 8. Measured repeatability of the robot 

6. SUMMARY 

This paper presents the design of a spatial compliant parallel robot with 
pseudo-elastic flexure hinges. The robot has three degrees of freedom and a 
workspace larger than 200 x 200 x 60 mm3. The compliant mechanism and 
the design of the flexure hinges have been optimized with respect to 
workspace dimension, transmission ratio and stiffness. The large workspace 
could be achieved due to the pseudo-elastic material of the flexure hinges. 
The lack of backlash, friction and stick-slip effects within the mechanism 
lead to a repeatability below 0.3 pm and a resolution better than 0.125 pm, 
respectively. 
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