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ABSTRACT 
Flexure mechanisms allow for highly predictable 
motion yet often suffer from limited load carrying 
capacity. In this paper we propose to use a large 
number of parallel flexures to carry high loads. 
This design may then be chosen such that the 
load also eliminates the drive stiffness by static 
balance. Increased stress and buckling due to 
overconstraints can be avoided if the load 
misalignment and manufacturing tolerances stay 
within computable bounds. It is shown that a 
20 𝑘𝑁 load can be carried by 23 flexures over a 

5 𝑚𝑚 stroke in a 200 × 100 × 50 𝑚𝑚3volume. 
 
INTRODUCTION 
In high-precision applications, flexure 
mechanisms allow for highly predictable, 
accurate motion as their flexural elements bend 
with neither friction, wear nor play. However, 
flexure mechanisms also come with a trade-off 
between range of motion and load capacity, since 
stress due to deflection limits the thickness of the 
flexures [1], [2]. Also, the actuation stiffness 
needs to be limited, as to avoid large actuators, 
heat generation and undesired thermal 
expansion [3], [4]. 
In pursuit of a high load capacity for flexure 
elements, we propose a massively 
overconstrained parallel flexure guidance. By 
placing a multitude of flexures in parallel we 
obtain the desired load capacity of over 20 kN. 
This approach alone leads to excessive actuation 
forces. By careful selection of the flexure 
thickness in conjunction with the applied constant 
load, we may balance the flexures such that 
(close to) zero actuation force is required. In 
previous research [5] we presented that this way 
of balancing is also advantageous for lowering 
the stress in flexures, allowing for a higher 
thickness and load capacity. These high load, 
statically balanced flexure mechanisms may be 
used in passive vibration isolation systems, such 
as the ASML balance mass or seismic 
attenuation filters [6]. 
The overconstrained nature of the design may 
lead to undesired internal loads due to 

manufacturing tolerances and thermal 
gradients [7]. Deleterious consequences include 
additional stress, binding [8] and unexpected 
buckling behavior. Previous work [9]–[11] has 
shown that these adverse effects may be avoided 
if the tolerances stay within certain limits. 
In this paper, we investigate the robustness of the 
proposed massively overconstrained design by 
simulating the effect of 1) the load, 2) the load 
misalignment and 3) the tolerances and thermal 
gradients on the support stiffness and stress for 
increasing number of parallel flexures. 
 
METHOD 
This section covers the proposed concept, the 
use of static balance, and the performance 
metrics used to gauge the effect of tolerances. 
 
Reduction of actuation force 
To withstand a large load we propose to use a 
parallel flexure guidance (PFG) with a large 
number 𝑛 > 2 of flexures in parallel (Figure 1). 
This is aimed to increase the support stiffness 
and critical buckling load. This large number of 
flexures will also require a large actuation force. 
For a high number of parallel flexures it may 
become troublesome to find suitable actuators, 
especially in vacuum and cryogenic 

 
FIGURE 1. A massively overconstrained parallel 
flexure guidance (𝑛 = 23) supports a large 

constant load 𝐹𝑙. This load statically balances the 
mechanism, leading to zero actuation force 𝐹𝑎. 
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environments. Fortunately, the actuation force 
may be eliminated if the applied vertical load 𝐹𝑙 
equals the system’s balance load 𝐹𝑏 

 
𝐹𝑏 = 𝑛

𝜋2𝐸𝐼

 2
 (2) 

where 𝐸, 𝐼, and   are Young’s modulus, the 
flexures’ second moment of area and length, 
respectively. Additionally, applying the system’s 
balance load reduces the maximum stresses in 
the flexures by making the curvature distribution 
more uniform over the flexure length [5].  
To show how the actuation stiffness changes 
under preload in combination with 
overconstraints, we simulate the PFG with and 
without the balance load for various numbers of 
flexures 𝑛 = [2 5 23]. We also evaluate the 
change in maximum stress and support stiffness 
in the  -direction. The parameters used in the 
simulation are found in Table 1 and 2. 

Load misalignment 
It is expected that the system is sensitive to the 
application point of the load as the applied load is 
rather large with respect to its buckling load. We 
will simulate the effect that a load misalignment   
(Figure 1) has on the stress in the flexures, 
parasitic eigenfrequency and support stiffness for 
a varying number of flexures. This will help 
establish sensitivity bounds and associated 
failure modes. Load misalignment   is evaluated 
over a distance of 10% of the width of the shuttle, 
measured from the shuttle center. 
We take the lowest the parasitic eigenfrequency 
as a measure for closeness to buckling. When 
one or more flexures are loaded at exactly their 
buckling load, they can assume a new equilibrium 
configuration (the buckled state) besides the 
original configuration, and transition without a 
change in energy. This implies that the 
associated stiffness is zero and hence the 
eigenfrequency is also zero. 
 
Tolerances and thermal gradients 
Another potential failure mode is buckling due to 
strain in the overconstrained direction, introduced 
by manufacturing tolerances and thermal 
gradients in the system (Figure 1).  
As each flexure is characterized by a high 
stiffness along three axes, each flexure adds 3 
overconstraints to the PFG. Misalignment in one 
or more of these directions can cause additional 
stress and possibly buckling. In this work we 
confine ourselves to stress due to axial 
elongation of the middle of the flexure. This 
flexure is deemed to be the most sensitive to 
buckling due to an axial strain, since it is 
subjected to the highest stiffness by the other 
flexures. 
When only the middle flexure length is changed 
by a strain  , it will experience a compressive 
force and will buckle when this force reaches the 
critical buckling load in clamped-clamped 

TABLE 1. Design parameters of the parallel 
flexure guidance. 

 Symbol Value Unit 

Displacement    5.00 mm 
Young’s modulus 𝐸 210 GPa  
Guidance width   200 mm 
Flexure length   100 mm 
Flexure width 𝑤 50.0 mm 
Flexure thickness   1.00 mm 

 

 
FIGURE 2. More flexures in parallel increase the 
required actuation force (top) but also the 
available support stiffness 𝑘𝑦𝑦 (bottom). Applying 

the balancing load 𝐹𝑙 = 𝐹𝑏 (dotted lines) 
eliminates the actuation force and reduces the 
stress 𝜎𝑚𝑎𝑥 (middle), while the support stiffness 
is only slightly reduced. 

TABLE 2. Effect of the number of flexures 𝑛 on 
the unbalanced actuation force 𝐹𝑎 𝑢, balanced 

actuation force 𝐹𝑎 𝑏, balance load 𝐹𝑏 and support 

stiffness 𝑘𝑦𝑦. 𝐹𝑎 𝑢, 𝐹𝑎 𝑏, and 𝑘𝑦𝑦 are evaluated at 

full displacement 𝛥 = 5 𝑚𝑚. 

𝑛 2 5 23 Unit 

𝐹𝑎 𝑢   0.1 0.3 12 kN 

𝐹𝑎 𝑏 0.1 0.2 0.8 N 

𝐹𝑏 1.7 4.3 20 kN 

𝑘𝑦𝑦 0.1 0.3 1.5 kN/μm 
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situation. From this the critical strain  𝑐 for 
buckling may be estimated 

 
 𝑐 =

𝑛

𝑛 − 1

𝜋2 2

4 2
 (3) 

Note, that we take the balance load (Eq 2) a the 
external load. From Eq. 3 it follows that a tighter 
tolerance must be placed on the length when the 
number of flexures increases. For 𝑛 → ∞, this 
converges to the ultimate axial strain tolerance 
 𝑢 = 𝜋2 2 4 2⁄ . 
To quantify the required manufacturing 
tolerances, we evaluate the stress, 
eigenfrequency and support stiffness for 
increasing numbers of flexures and increasing 
misalignment strain in the middle flexure. 
We also inspect what happens to the system 
dynamics if one of the flexure buckles, to assess 
whether the whole structure becomes instable 
due to a cascade of failing flexures, or still retains 
the ability to carry the applied load. 
 
Model and simulation approach 
The system behavior of the PFG shows nonlinear 
characteristics due to the large loads applied in 
the deformed flexure configuration. The flexible 
multibody software SPACAR is used to simulate 
the behavior of the PFG. This software uses a 
finite element-like approach to model systems 
using geometrically nonlinear beam elements 
[12]. A static solution algorithm is used with an arc 
continuation method to offer increased 

robustness in finding solutions in the 
(post-)buckled state [13]. 
 
RESULTS 
In this section, we will consider the results of the 
simulations, regarding the performance 
measures in relation to the design criteria and 
tolerances. 
 
Reduction of actuation force 
For the unbalanced system, Figure 2 (solid lines, 
various colors) shows that the actuation force and 
support stiffness increase with the number of 
flexures in the PFG, whereas the maximum 
stress remains unaffected. 
For the statically balanced system, it can be seen 
that the balance load leads to the desired 
elimination of the actuation force (Figure 2, dotted 
lines). At full displacement, the actuation force is 
at least three orders of magnitude smaller than in 
the unbalanced case (Table 2).  
At full displacement, the stress and support 
stiffness are slightly reduced due to the balance 
load, as expected from the results of [5]. Note that 
the system is dimensioned for the balanced case. 
For the unbalanced case, the stress could exceed 
the allowable stress, and therefore require thinner 
flexures with lower support stiffness. 
In summary, increasing the number of flexures 
effectively increases the loadability, since both 
the balance load (Eq. 2) of the system and the 

 
FIGURE 3. A) The variation in load misalignment distance   increases the stresses at full deflection (top) and 
reduces the parasitic eigenfrequency (middle), while the vertical support stiffness is lowered only slightly 
(bottom). B) Increased axial strain of the middle flexure in the neutral position leads to internal stresses (top) 
and buckling of the system as indicated by the parasitic eigenfrequencies (middle) and lowered support 
stiffness (bottom). The buckling strain corresponds with the critical strain of Eq. 3 (vertical dashed lines). C) 
In neutral position, the PFG with 𝑛 = 5 buckles when the critical strain  𝑐 is applied. The effect of buckling is 
less pronounced at larger displacements as the affected flexure assumes its normal unbuckled shape again. 
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support stiffness (Figure 2) increase without 
significant actuation force. 
 
Load misalignment 
Figure 3.A. shows that the moments introduced 
by a load misalignment   cause uneven loading 
over the different flexures, resulting in increased 
maximal stress. Although the support stiffness 
𝑘𝑦𝑦  remains virtually constant, the first parasitic 

eigenfrequency reduces with misalignment of 
load, indicating an increased susceptibility to 
buckling. 
 
Tolerances and thermal gradients 
With increasing axial strain  , the maximum 
stress in the mechanism increases while the first 
parasitic eigenfrequency decreases (Figure 3.B. 
top and middle). The axial strain at which the 
system buckles can be approximated by Eq. 3 
(vertical dashed lines), as shown by the good 
agreement with the plotted nonlinear numerical 
solution. 
Beyond this critical load, the stress increases 
rapidly, as does the eigenfrequency, indicating 
that the system obtains a stable but curved 
equilibrium. In this post-buckling state, the 
support stiffness of system reduces. This 
indicates that the buckled flexure no longer 
contributes to the support stiffness of the PFG, 
but also that the PFG as a whole still provides 
support for carrying loads. Figure 3.C confirms 
that in the neutral position the buckled flexure 
does not provide stiffness, while at deflection, it 
reverts back to an unbuckled shape and regains 
its support stiffness. 
The simulation confirms the prediction of Eq. 3 
that the tolerances tighten with increasing 
number of overconstraints. Fortunately, these 
tolerances can be predicted quite well. 
Additionally, the associated strain is within 
reasonable values (of the order of 10 μm) with the 
associated thermal accuracy of multiple Kelvin. 
 
CONCLUSION 
In this paper, we present the idea of massively 
overconstrained flexure mechanisms with near 
zero actuation stiffness for high load capacity and 
investigate its robustness to manufacturing 
tolerances, thermal gradients and load 
misalignment. We showed that using the principle 
of static balance, the load capacity of a parallel 
flexure guide may be increased by at least one 
order of magnitude while keeping the actuation 
forces within limits. The influence of 
manufacturing tolerances and thermal gradients 
may be predicted and controlled, showing that the 

robustness of the system is maintained as long 
the tolerances stay within 0.01% of the flexures’ 
length. Even if one of the flexures buckles, the 
system as a whole remains stable and able to 
carry the high load. 
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