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Abstract

This article presents the first experimental measurements of collinear-type statically

balanced compliant micro mechanisms (SB-CMM) with application to MEMS or

precision engineering. In collinear-type SB-CMM, the positive stiffness of

compliant micro mechanisms is partially cancelled by the cooperative action of post

buckling regimes of double straight bi-stable beams with different initial shapes. As

a result, the mechanism is statically balanced (i.e. zero stiffness) for a finite range of

motion. Experimental assessment was carried out and it was found that zero stiffness

was obtained, but with constant positive force. The results show the sensitivity of the

mechanism to fabrication errors: constant positive or negative actuation force may

be obtained instead of zero actuation force. The feasibility of the approach has been

understood and a design robust against fabrication errors should be considered in the

future.

1 Introduction

Compliant mechanisms have been a promising approach for the design of micro

mechanical structures for MEMS applications or precision engineering due to their

extensive advantages [1] which eliminates assembly costs [2, 3] and results in higher

precision because of absence of conventional joints and associated friction and

backlash [4]. Nevertheless, the positive stiffness of the mechanism remains a

significant drawback [1, 4], resulting in insufficient travel range and large actuators.

This stiffness can be compensated by including a static balancing mechanism
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(SBM), resulting in a statically balanced compliant micro mechanism (SB-CMM)

[4]. In fact, SB-CMM may be a breakthrough in precision engineering. In these

mechanisms, the total potential energy of the mechanism and the balancing elements

is constant always, which ideally provide a zero force actuation micro structure. This

article presents the first experimental results of a collinear-type statically balanced

compliant micro mechanism, which could be applied to MEMS applications or

precision engineering.

2 Concepts

Bi-stable mechanisms are well-studied due to their interesting force-deflection

(nonlinear stiffness) behaviour [5]. A typical force-defection curve of a perfect bi-

stable beam with no energy loss at the end tips due to fixed-guidance is shown in

Fig. 1 as blue dash line and labelled Beam I. Of particular interest are the five points

identified in the figure: (A') first stable equilibrium position, (B') Initial buckling,

(C') unstable equilibrium position, (D') snap-through, and (E') 2nd stable equilibrium

position. If the unstable equilibrium position (C) of Beam II (solid black line) meets

the second stable position (E') of Beam I at the zero force axis (point F), the total

force of the SB-CMM (red dash dotted line) would be zero for a finite range of

motion (statically balanced domain) as shown in Fig. 1. However with a slight

change in dimensions (i.e. due to design or fabrication errors), a constant actuation

force will be obtained at the zero stiffness region.

Fig. 1. Conceptual dimensionless force-deflection behaviour of presented collinear-
type SB-CMM for the case of zero actuation force; SB domain is the region of zero
stiffness with zero actuation force (i.e. statically balanced region).
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Fig. 2. Concept of fist collinear-type statically balanced compliant micro mechanism

Due to the compliance of the mechanism, the fixed guided beams have been

considered as shown in Fig. 2. This concept resembles those concepts presented in

[5], but we proposed a novel double buckling mechanism with different rise of the

beams (i.e. a≠b) which results in a significant change of buckling behaviour of the 

system. Consequently, the system becomes statically balanced internally for a

certain range of motion.

3 Fabrication and measurements

The first prototypes of the described mechanisms were performed following the

designs and dimensions presented in [4]. Deep reactive-ion etching was used to

fabricate the structures out of a polysilicon type wafer of 400 μm thickness. The 

beams have 5 mm of length and 35 μm in thickness, with a = 0.36 μm and b = 

0.2 μm. After fabrication, a trapezoidal cross section of the beams was observed 

instead of rectangular shape, as depicted in Figure 3.

In order to measure the force-deflection behaviour, the structures were mounted on a

linear stage with a resolution of 80 nm. A load cell with a sharp tungsten needle was

used as the probe. The setup and sensor stiffness was measured by pressing the force

probe against the chip bulk-material, and this value was used to correct the

displacement values. Several measuring cycles were conducted with this setup in

two identical sample structures.

(a) (b)
Fig. 3. (a) Top view and (b) cross section with dimensions of the beams of the
prototype.
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Results and discussion

Figure 5 shows the force- displacement plot for two of the straight beam structures

in several consecutive tests. It can be observed that the zero stiffness regime appears

at a force value of approximately 10 mN. It was also observed during the

measurements that the buckling of the beams was not completely symmetric, leading

to a small twist of the probing structure.

Fig. 4. Force deflection of fabricated structure from measurement.

Differences with the predicted model could be caused by error of manufacturing and

nonlinearity of the stiffness. This test proves nonetheless the feasibility of this

approach. More attention should be dedicated to the fabrication tolerances or to

robustness of the design against fabrication defects (e.g. incorporating the

adjustability for the stiffness or the design parameters with fabrication error having

linear relation in force deflection behaviours).
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