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In this study, a promising design for a compact compliant torsion-
reinforced Sarrus mechanism (CORS) capable of achieving ultra-
linear motion is presented. The CORS prototype, made entirely of
aluminum, is produced monolithically using electric discharge
machining (EDM). The design incorporates four torsion-reinforced
folded leaf springs that together function as a flexural mechanism.
This design effectively reduces parasitic motion while improving
support stiffness. To meet the specified requirements, a design opti-
mization process is undertaken, carefully considering constraints,
to attain an optimal CORS configuration. Integration of the
CORS with a voice coil actuator and confocal chromatic sensors
is carried out to detect parasitic motion. Experimental validation
demonstrates that the CORS outperforms existing designs in
terms of build volume, manufacturability, and scalability, and has
parasitic translations of around 10 nm and parasitic rotations of
around 5 μrad over the critical region of the range of motion.
[DOI: 10.1115/1.4069977]

Keywords: ultralinear stage, compliant mechanism, Sarrus
mechanism, parasitic motion, monolithic

1 Introduction
Ultraprecision mechanisms with one, two, or three degrees-

of-freedom (DoFs) are the foundation for applications such as
semiconductor fabrication [1,2], scanning systems [3,4], medical
imaging [5], and nanodevice fabrication [6,7]. These industries
demand devices that allow for precision motion guidance with a res-
olution and accuracy in the order of micrometers or even nanome-
ters. For example, in the semiconductor industry, the trend is to
make microchips smaller and faster, with feature resolutions of up
to 10 nm [8].

In photolithography, which is a core process in semiconductor
manufacturing, precise motion mechanisms are critical during the
alignment and exposure stages. In the optical and photonic industry,
precise motion mechanisms are crucial to enable precise motion to
scan surfaces or adjust focal planes and optical paths, for instance.
All of these applications have a common principle: Varying the gap
between two bodies. In this study, the application of varying the gap
between a mask or lens, i.e., optical elements, and a substrate is
used. This study explores the potential for moving the optical
element to enhance the coupling dynamics. Compared to the
heavier substrate stage, the lower mass of the optical element
allows for faster and more precise motion with reduced vibration.
However, implementing a moving optical element involves a
complex building volume. Conventionally, the optical element is
positioned close to both the metrology and the substrate, resulting
in an intermediary volume with limited height in the direction of
motion. Furthermore, this volume is predominantly maintained
under vacuum conditions, imposing additional constraints on
mechanical design and integration. Ultraprecision stages typically
integrate a compliant mechanism (CM) to facilitate motion guid-
ance, making them well-suited for applications requiring ultralinear
vertical movement.
CMs use elastic deformation of flexible components to enable a

desired motion due to a force or input motion. There are multiple
advantages of CM for precise positioning. Due to their elastic
nature, these mechanisms have no friction, no backlash, and are lin-
early predictable for small motions [9]. Furthermore, CMs benefit
from the fact that there are no overlapping pieces which can
allow single-piece production [10]. This bears potential for signifi-
cantly lower costs as a result of less assembly and manufacturing
time. However, CMs are more challenging to design due to their
inherent coupling between kinetics and kinematics [11].
Focusing on straight-line mechanisms that are suitable as an

ultraprecision stage, the available literature is scarce. Nevertheless,
several researchers have developed different types of ultralinear
stages using CM, which can be summarized on the basis of three
categories: spatial mechanisms, planar mechanisms, and out-of-
plane planar mechanisms.
Spatial geometries include geometries in the 3D coordinate

system. The flexible elements are not in the same plane as the
motion. Koster has developed ARCADE [12]. This stage has a
stroke of 5mm and deviates along the X and Y axes by at most
15 nm and rotates around these axes with less than 5 μrad. Cosan-
dier created a translational stage for the Watt balance [13]. This
mechanism deviates up to 180 nm and 40 nm along the X and Y
axes, respectively, while rotations did exceed 5.3 μrad around the
Y axis and 3 μrad around the X axis. Furthermore, Cosandier
designed an assembled Sarrus guide. The parasitic motions are
promising along the stroke of 40mm. Translational deviations
along the X and Y axes are within 200 nm and 500 nm, respectively,
while the rotations in the X and Y axes are around 275 μrad and 220
μrad, respectively.
Next to spatial geometries are planar geometries where the flex-

ible elements are in-plane with the motion. Duarte et al. built a rec-
tilinear motion machine based on flexural principles [14]. Their
focus was on the tilt angle that is reported to deviate at most 1.8
μrad. Smith et al. designed a monolithic spring mechanism [15].
Their design allowed a displacement of 0.05mm. The mechanism
deviates by 5 nm and 4000 nm along the X and Y axes, respectively.
Furthermore, they measured a pitch error of 250 nrad. Nicolas et al.
designed a mechanism enabling a stroke of 24mm with a maximal
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parasitic motion of 1 μm in the translational directions and a para-
sitic rotation below 100 μrad [16]. Becker et al. claimed a smooth
translation within one hundredth of a nanometer, and tilt below
1 nrad over the full range of motion [17]. In order to reduce the par-
asitic motions, they added additional torques proportional to the dis-
placement using magnets. Jones designed a mechanism for a 10mm
stroke, which deviates by 2000 nm and 500 nm in the X and Y direc-
tions [18]. The measured parasitic rotations were 10 μrad, 63 μrad,
and 136 μrad for yaw, pitch, and roll, respectively. Alemanni
et al. have designed a mechanism capable of a parasitic rotation
of 3.6 μrad around the X-axis along a stroke of 0.13mm [19].
Tissot-Daguette et al. proposed a new design with a maximum par-
asitic translation of 65.6 nm and was observed in the finite element
analysis (FEA) along a stroke of 8mm [20]. The occurring parasitic
roll motion was 13.6 μrad.
Out-of-plane planar geometries have an in-plane geometry but an

out-of-plane motion, which enables compact designs, and they are
referred to as orthoplanar springs [21]. They are often used as
motion guides in ultraprecision stages. Chen et al. designed and
optimized an out-of-plane 1-DoF mechanism [22]. They have max-
imized the ratio of the radial stiffness to the out-of-plane drive stiff-
ness. Over a range of 0.14mm, they observed 2000 nm of deviation
along the X and Y axes. Around the X and Y axes, a rotation of 26
μrad was observed. Orthoplanar springs typically allow only small
displacements. Furthermore, they lack significant support stiffness,
making them sensitive to undesired rotations and translations.
Planar geometries are easier to manufacture, resulting in lower

cost and improved manufacturing tolerances. However, their
motion is in the same plane as the flexure, which often results in
a large build volume in the direction of motion. Spatial CMs,
such as the Sarrus mechanism, are often large in size and more dif-
ficult to manufacture. However, the Sarrus mechanism is a spatial
mechanism that potentially has a smaller building volume in the
direction of motion. Thus, there is a need for an easy to manufacture
compliant Sarrus mechanism with a small build volume in the direc-
tion of motion and reduced parasitic motion.
In this study, a promising design of a compact ultralinear compli-

ant torsion-reinforced Sarrus mechanism (CORS), capable of ultra-
linear motion, is presented. Due to its compactness, a less
obstructive build volume is required as compared to existing
stages. A mathematical model is developed, and stiffness values
are calculated. A finite element model (FEM) is developed in the
Simcenter HEEDS program suite to optimize the CORS. An exper-
imental evaluation to verify the FEM model was conducted on an
aluminum 5083-O prototype made by means of electric discharge
machining (EDM).
This article is organized as follows. Section 2 describes the

methods used in this study, outlining the design criteria, conceptual
design, dimensional design, and design optimization. In Sec. 3, the
experimental validation is presented, providing detailed descrip-
tions of the test setup, experiments conducted, and the correspond-
ing results. Following this, Sec. 4 offers a discussion on the
findings, contextualizing them and exploring their implications.
Finally, Sec. 5 concludes this article by summarizing the key find-
ings, reflecting on the significance of the research, and suggesting
recommendations for future research.

2 Methods
2.1 Design Criteria. In the design of the CORS, design crite-

ria were considered based on the field of application. The reference
frame used has X and Y situated in the horizontal plane and Z point-
ing upwards.
The first criterion states that the CORS must enable a platform to

perform a 5mm translation along the Z-axis, of which the last 140
μm are critical for the application at hand.
The second criterion states that the CORS must effectively miti-

gate horizontal parasitic motions of the platform. These motions
encompass translations Tx and Ty along both the X and Y axes,

respectively, as well as rotations around the X-axis (Rx, tip),
Y-axis (Ry, tilt), and Z-axis (Rz, twist). The cumulative parasitic
motion, or total error budget, denoted as e, remains within 5 nm
over the critical 140 μm region of the 5mm stroke, which is the crit-
ical region of the range of motion for the application. Among the
contributing factors, twist-induced deformation is expected to dom-
inate the horizontal parasitic motion. For an optical element with a
characteristic length of 150mm, a rotational deviation of 50 nrad
results in an estimated horizontal parasitic displacement of approx-
imately 5 nm, assuming the rotational axis in the center.
The third criterion involves the stiffness of the CORS. The first

eigenfrequency must be below 20Hz to limit the actuation force
since high forces can lead to high unwanted internal stresses. Fur-
thermore, the second (and subsequent) eigenfrequencymust bemax-
imized to improve the controllability, robustness, and dynamic
performance.
The last criterion describes the available volume: the CORS has

to fit in a rectangular space of 300 × 300 × 45mm. An overview of
the design criteria is given in Table 1.

2.2 Conceptual Design. The CORS presented here is based on
a conventional Sarrus linkage [23]. The Sarrus mechanism is a well-
known rigid link mechanism, comprising four links organized into
two perpendicular legs, and characterized by its utilization of two
parallel horizontal plates, the base and the platform, arranged one
above the other (Fig. 1). Each leg features a pair of hinged links,
connecting the base to the platform, facilitating vertical motion of
the platform relative to the base. The hinges enforce constraints,
ensuring that the links of each leg remain in their respective
planes. Together they allow vertical translation of the platform.
Mobility analysis indicates zero DoFs for the two-sided Sarrus
linkage. However, closer analysis yields that the platform has one
DoF (Tz) and one overconstraint. More legs can be added, increas-
ing the number of overconstraints.
The rigid link Sarrus mechanism can be transformed into a CM,

leading to the CORS design as follows. The links in the legs are
replaced by flexures, two leaf springs under an angle in series for
each leg. Such a set of two leaf springs is also known as a folded

Fig. 1 Schematic of the Sarrus linkage

Table 1 Overview of the design criteria

Criterion Value

DoFs 1 (Z-translation)
Range of motion 5mm
Cumulative error 5 nm
f0 <20Hz
Volume 300 × 300 × 45mm
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leaf spring [24], where the two leaf springs are typically oriented 90
deg relative to each other. Other angles are possible as long as the
leaf springs are not aligned. Each leg is thus a folded leaf spring. In
general, the parameters that define the mechanism are the number of
flexures, the inter-flexure angle, and relative orientation of the legs.
The characteristics defining a single leaf spring are length, width,
and thickness.
A folded leaf spring only constrains one DoF, namely, the trans-

lation along its folding axis (X-axis in Fig. 2) [24]. Since it is a
spatial mechanism, the torsional compliance of a single leaf
spring needs to be taken into account besides the compliance
along the X, Y, and Z-axis. The torsional stiffness is

Kt =
GJ

L
(1)

where J = 1
3 dt

3 is the torsion constant and G is the shear modulus.
Increasing this torsional stiffness results in constraining one more
DoF. The bending stiffness around the folding axis, X, is

Krx =
EIrx
L

(2)

where the area moment of inertia around the folding axis is
Irx = 1

12 dt
3.

Furthermore, the in-plane bending stiffness has to constrain an
additional DoF. The in-plane bending stiffness of the leaf spring is

Kipb =
EIipb
L

(3)

where Iipb = 1
12 td

3. This stiffness has a higher order of magnitude
relative to Kt and Krx. Therefore, it is assumed to be constrained.
Increasing torsional stiffness is achieved by incorporating

torsion-reinforcement structures onto the leaf springs in the form
of triangles that each are composed of a section of the original
leaf spring plus two additional ones in a triangle configuration.
These structures, previously introduced by Rommers et al., effec-
tively suppress torsion of the original flexure and are used to
create a flexure joint with high stiffness in its support directions
[25]. A torsion-reinforced folded leaf spring will result in constrain-
ing three-DoF. The reinforcement structures behave like flexures
with distributed compliance resulting in a smooth strain distribu-
tion. As a result, two new parameters are introduced: n and γ,
where n is the number of reinforcements (further referred to as
teeth) and γ is the angle of the teeth leaf springs relative to the orig-
inal spring.

Using two torsion-reinforced folded leaf springs, in this case ori-
ented at 90 deg relative to each other, leads to a concept of a com-
pliant Sarrus mechanism. The combination of two reinforced folded
leaf springs, a total of six constraints, is present. Similar to the rigid
link Sarrus, the specific configuration results in one DoF and one
overconstraint. The DoF is a translational motion perpendicular to
both folding axes.
As a next step, it was decided to add two more reinforced folded

flexures, arriving at a total of four legs, as in Fig. 3. This choice was
made because of the manufacturability and symmetry and to create
a rectangular form that is more generally applicable as compared to
three symmetric flexures resulting in a triangular platform. Further-
more, it also results in a centered center of stiffness which is proven
to be beneficial to minimize parasitic motions [26]. The width of the
flexures influences the reliability of the EDM manufacturing
process. The effective spark height must be minimized to reduce
manufacturing errors. The configuration with four folded leaf
springs leads to a minimized spark height while maintaining high
support stiffness or even increasing the stiffness in nonmotion direc-
tions. Due to a centered center of stiffness, it is easier to actuate in
the center of stiffness because it is precisely known, which is another
strategy to prevent parasitic motion according to Ref. [26]. This
configuration (Fig. 3) results in a seven times overconstrained
system, which can result in unwanted stresses and nondeterministic
behavior [27]. However, adding overconstraints has been proven
beneficial in some cases and has less influence in a monolithic struc-
ture [28]. The overconstraints can help compensate for manufactur-
ing imperfections by elastic averaging of small misalignments or
asymmetries [29].
Each parameter within the CORS must be carefully defined

based on trade-offs. For example, the thickness and width of flexures
should ideally be maximized to enhance constraint levels. However,
this maximization is limited by the need to maintain a low eigenfre-
quency, i.e., low stiffness in the range of motion [30]. Additionally,
minimizing the inter-flexure angle is advantageous for reducing the
stiffness in the direction of motion and increasing lateral stiffness,
while an angle of zero theoretically leads to a mechanism reliant
on leaf spring compression. However, this angle is limited due to
manufacturability.
Another parameter to consider is the number of reinforcement

teeth, which involves a trade-off between building volume and tor-
sional stiffness. Increasing the number of teeth reduces building
volume, assuming a constant γ, while improving torsional stiffness.
However, this also leads to increased stiffness in the direction of
motion, potentially requiring multiple formed triangles to bend in
a chain-like manner. Achieving an optimal balance among these
parameters is essential for designing the CORS that meets perfor-
mance requirements while minimizing constraints.

2.3 Dimensional Design and Modeling

2.3.1 Design Parameters and Performance Metrics. The flex-
ures of the mechanism, folded leaf springs and teeth, can be defined
by the parameters illustrated in Fig. 4. The thickness of the top and
bottom flexures are defined as tt and tb, respectively. Furthermore,
the width of the platform and the flexure are defined as b and d,
respectively. The number of teeth is addressed with nt and nb.

2.3.2 Stiffness Analysis. The direct method is used for a numer-
ical 3D beam finite element analysis considering bending, small dis-
placements, and no cross-axis couplings.

f =Kd (4)

where f is the nodal load vector with three forces along and three
moments around the XYZ-axes for each node, K is the system
matrix, and d is the nodal displacement vector with three transla-
tions along and three rotations around the XYZ-axes for each
node, all in the local coordinate system.
The stiffness matrix of local elements has to be transformed into a

global coordinate system. The transformation is performed by theFig. 2 Illustration of a single folded leaf spring and end effector
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transformation matrix, T, and can be expressed as

Kglobal = TTKlocalT (5)

Once all local element stiffness matrices are computed, the
system matrix, K, can be assembled. The assembling is done by
adding up the virtual work belonging to each of the elements, result-
ing in the mathematical equivalent of putting the mechanism
together:

K =
∑

Kglobal,1 + · · · + Kglobal,n (6)

The material used for EDM fabrication of the prototype is alumi-
num, Al 5083-O. The values of α, β, γ1 = γ2, L1 = L2, t1 = t2,
nt = nb, and b = d of the flexures are 5 deg, 10 deg, 75mm, 0.6
mm, 1, and 80mm. The numerically determined value of f0 is 30
Hz and f1 is 222.4Hz, assuming a mass of 700 g.

2.3.3 Optimization in Simcenter HEEDS. To find the optimal
design of the CORS, Simcenter Heeds of Siemens (HEEDS) is
used. HEEDS can help to gain insight into the design space and
find an optimal design according to design criteria and constraints.
It is integrated with Siemens NX for parametric sketching and Sim-
center for finite element meshing and simulation. HEEDS contains a
search strategy called SHERPA, a hybrid, adaptive search strategy

that dynamically allocates computational effort between multiple
optimization methods, suppressing less effective strategies over
time [31].
The iterative workflow involves generating a geometry based on

design parameters, meshing, simulating, postprocessing the results,
and generating new design parameters based on the results and
SHERPA. Each design is evaluated based on a performance func-
tion that reflects both objective values and constraint satisfaction.
An optimal design is considered achieved when no performance
improvement is observed over 200 successive iterations. Addition-
ally, HEEDS provides sensitivity insights, quantifying the influence
of individual parameters on performance metrics, thereby enhanc-
ing the understanding of the design landscape.

Design Parameters. To ensure flexural symmetry, design
parameters are dependent on each other:

2α = β

L1 = L2 = L

t1 = t2 = t

γ1 = γ2 = γ

nt = nb = n

Fig. 3 Illustration of the conceptual design.Note that the triangular shapes, labeled “teeth” in the
figure, are created by flexure beams creating a hollow triangular structure for each of the teeth.

Fig. 4 Illustration of flexure parameters
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Resulting in the design vector:

x = α L t γ d b n
[ ]

The bounds of x are given in Table 2. The bounds are dependent on
the specified volume claim and considerations of manufacturability.
The lower boundaries for the thickness, t, and the inter-flexure angle,
represented by 2α, are related to the limitations of EDM, as informed
by the manufacturer’s knowledge and assurance. Furthermore, the
selection of aluminum 5083-O as the material of choice accelerates the
EDMprocess by a factor of three in comparison to stainless steel or tita-
nium, resulting in reduced costs. Furthermore, the 5083 alloy is cast,
resulting in low to zero internal stresses inside the initial workpiece.
Minimal internal stress is preferred to avoid geometrical imperfections
when the thin flexures are released from the initial workpiece.

Mesh. The mesh should be converged for every design HEEDS
generates. Therefore, the mesh should be controlled to ensure a con-
verged robust mesh. In this case, the 2D mesh is used to create an
easier controllable surface compared to a 3D solid. The commonly
used requirement to use shell elements is that the length character-
istic must be significantly larger than another parameter: L ≫ t, in
this case. The benefit of using shell elements is the reduction of
computation time relative to solid elements, while maintaining
accuracy. An additional benefit for HEEDS is that this allows to
run the sensitivity analysis to obtain insight into the design space.

Simulation in Simcenter 3D. The optimization criteria are com-
puted using the simulation software within Simcenter, NASTRAN.
One end of the flexures is constrained in all DoFs using a user-defined
boundary condition. The enforced displacement acts in the center of
the platform. Two solutions contribute to computing the optimization
criteria: a modal analysis (SOL 103) and a multistep nonlinear analy-
sis (SOL 401). The outputs are the parasitic translations in the center
of the platform, and the first and second eigenmodes of the CORS.

Optimization Problem. The optimization problem can be formu-
lated as follows. The goal is to maximize the difference between the
first eigenmode, vertical translation of the platform, and the second
parasitic eigenmode. This should be obtained while maintaining
stiffness, error, mechanical stress, volume, and manufacturability
constraints. Most algorithms benefit from a minimization
problem, therefore, it is rewritten into a negative null form:
Minimize

f0
f1

Subject to

f0 − 20 ≤ 0

e − 5 × 10−9 ≤ 0

σy − 150 × 106 ≤ 0

Zvol − 45 × 10−3 ≤ 0

and

x ≤ x ≤ �x

Optimization Results. The resulting optimal design can be seen
in Fig. 5, the prototype in Fig. 6, and each individual parameter is
shown in Table 2. In the optimization, α = 5 deg, b = 152mm,
and t = 0.6mm reached their lower bound. Furthermore, n = 1 is
obtained which is remarkable. More optimal designs can be found
when these bounds are relaxed. However, these bounds are
related to manufacturing limitations. Furthermore, the optimal
design reached the eigenfrequency target of 20Hz and the height
constraint of 45mm. All angles are replaced by fillets to ensure
manufacturability and avoid peak stresses.
The FEA of the design can be seen in Fig. 7. The maximum stress

is 0.9MPa for a 103 μm stroke at a maximum actuation force of 1.5
N. Notice that the flexures, including the torsion-reinforcement flex-
ures, exhibit distributed compliance, which leads to lower stress
peaks.
Furthermore, in Table 3, the results of the numerical, shell, and

solid models are given.

3 Experimental Validation
3.1 Test Setup. A measurement setup has been designed with

the capability to accurately measure in six-DoF, achieving a resolu-
tion of 4 nm in translation and 0.3 μrad in rotation. This setup con-
sists of an aluminum framework, a base plate, 3D-printed interfaces
for all sensors, the actuator, and the CORS itself (see Fig. 8), which
is positioned on rubber adjustable feet that are mounted on a TMC 3
Hz vibration isolation table with minimal amplification of reso-
nance (8–12 dB).

3.1.1 Drive System. The CORS is actuated using a voice coil
actuator (Akribis AVM40-HF-6.5) and a 3D-printed parallelogram-
based linear guide connected by a thin metal wire and two eye bolts,

Table 2 Design parameters, their bounds, and optimized values

Variable Lower bound Upper bound Optimized value

α = β 5 90 5
L 10 150 75
t 0.6 1 0.6
γ 5 89 27
d 10 250 80
b 152 250 152
n 0 6 1

Fig. 5 CAD of CORS

Fig. 6 Monolithic CORS, including base, flexures, and platform
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one in the center of the CORS and one in the linear guide. This is
used to decouple the CORS from the actuator in all directions
except the actuation direction. Voice coil actuators are direct
drive actuators known for their precise linear characteristics and
low hysteresis. A function generator (Tektronix AFG1062), with
a maximum output current of 0.1A, generates the input signal,
while the actuator requires a maximum current of 0.29 ± 0.095A.
To generate a 6 ± 2N force, a voltage follower is needed. This is
realized using a power OPAMP (LM3886T) in a noninverting
circuit combined with a voltage divider. The typical circuit, with
gain 1, is simulated in PSpice beforehand.

3.1.2 Sensors. The optical sensors are based on the chromatic
confocal distance measurement principle [32]. It consists of a
control unit, ©Precitec Optronik GmbH CHRocodile 2DPS,
optical fibers, and optical probes with a 1.2mm measuring range
and an axial resolution of 4 nm. The measuring range does not
allow measuring the full range of motion. Therefore, it was
chosen to measure around the critical region of the range of
motion. Each control unit is suitable for two probes. The prototype
will be measured with four sensors; therefore, two control units are
needed. The probes are perpendicularly mounted in the XYZ-planes,
through 3D-printed interfaces, facing λ/20 rectangular mirrors
mounted on the platform.

3.1.3 Test Plan and Preconditions. First, a 3D scan is made of
the prototype to check the exact dimensions. This is done with the
ZEISS T-SCAN hawk 2, which results in a scan that can be com-
pared with the CAD model to gain insight into manufacturing
imperfections.
The sensors and actuator have to be calibrated. The sensors are to

be mounted halfway their 1.2mmmeasuring range, and the required
input voltage has to be found for at least 140 μm stroke.
The eigenfrequencies can be measured with the optical sensors.

The CORS is triggered in the direction of motion, and a fast
Fourier transform (FFT) can be obtained from an accelerometer,
similar to Ref. [33], resulting in the estimated eigenfrequencies.
To measure the parasitic motions in six-DoF, the sensors are relo-

cated once, since there were only four sensors available. First, three
sensors measured the tip and tilt motions along a Z-stroke of 140
μm. Thereafter, the sensors were relocated and the X and Y transla-
tions were measured along a 140 μm Z-stroke together with the rota-
tion around the Z-axis. The measured distances are transformed to
translations taking the average values of two parallel sensors, and
the rotations by dividing the difference between distances and the
location relative to each other.

3.2 Results

3.2.1 Three-Dimensional-Scan. Visual inspection revealed no
big manufacturing defects. Most of the flexure has uniform thick-
ness along the length and width of the flexure. Visually noticeable
defects are a small bump in the middle of the inner flexures and a
nonconstant radius for all the fillets. The 3D-scan confirmed these
findings as can be seen in Fig. 9.

3.2.2 Stiffness Measurement. The measured horizontal and
vertical stiffness estimated through a FFT can be found in
Fig. 10. The first eigenfrequency and its harmonics can be seen at
20.35Hz and its multiples, respectively. Furthermore, small peaks
are observed at approximately 187Hz suggesting the second,
third, and a harmonic of the first eigenfrequency.

Fig. 7 Left: FEA overview CORS. Right: FEA cross section of the torsion-reinforced flexure. Note the distributed compliance in
the six constituent flexures.

Table 3 Simulated stiffness and error with the solid model as a
reference

Numerical Shell model Solid model

f0 (Hz) 30.7 21.2 22.4
f1 (Hz) 222.4 173.2 177.4
Error f0 (%) 27% 5.6% –
Error f1 (%) 20.2% 2.3% –
Error (x; y) (nm) – 1.24 × 10−5 2.52 × 10−1

Fig. 8 Overview of the test setup
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3.2.3 Parasitic Motions. The parasitic motions, including
noise, along the Z-stroke are plotted in Fig. 11. A linear error is
shown for the parasitic X and Y translations, 0.838 nm/μm and
0.636 nm/μm, respectively. The tip (Rx) error has a range of
approximately 6 μrad along the Z stroke. The tilt (Ry) error has a
range of approximately 4 μrad. The measured parasitic rotation
around the Z-axis is 1.44 nrad/μm stroke.

Furthermore, a repeatability and hysteresis of approximately
10 nm and 15 nm are achieved, respectively.

4 Discussion
This design of a compact ultralinear compliant torsion-reinforced

Sarrus mechanism resulted in a design that enables an open-loop
motion resulting in reduced control costs and improved motion per-
formance. Furthermore, this approach is especially beneficial in
vacuum environments, where the presence of sensors and their asso-
ciated cabling can significantly increase system complexity. The
CORS occupies a build volume of approximately 300 × 300 × 45
mm, resulting in an improved stroke-volume ratio of 0.11,
compared to the ratio of Refs. [12,13] of 0.03 and 0.09, respec-
tively. CORS has the potential to further increase this ratio, as the
optimization can be adapted to a multi-objective optimization to
obtain a smaller mechanism. Furthermore, a comprehensive and
quantitative comparison with existing compliant mechanisms
remains challenging due to the lack of standardized performance
metrics and incomplete characterization in the literature. Specifi-
cally, no prior studies were found that quantify all five parasitic
motions during Z-axis motion. This limits the ability to assess cross-
axis coupling, dynamic stability, and true linear motion, while it can
potentially mask trade-offs within the design. The presented litera-
ture does not contain a compact monolithic spatial geometry that
enables a linear motion with minimized parasitic motion. A

Fig. 9 3D-scan: differences betweenmeasurements and CAD-file. Left: CORS overview. Middle: filletR= 0.15. Right: flexure align-
ment relative to the horizontal plane and each other.

Fig. 10 Measured FFT where f0 = 20.35Hz and f1,2 ≈ 185Hz

Fig. 11 Parasitic motions over 140 μm stroke at 0.1Hz

Journal of Mechanisms and Robotics FEBRUARY 2026, Vol. 18 / 024502-7

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

echanism
srobotics/article-pdf/18/2/024502/7541685/jm

r-25-1422.pdf by Technische U
niversiteit D

elft -Bibliotheek user on 03 N
ovem

ber 2025



summary of the performances within the state-of-the-art and the
CORS is shown in the Appendix.
The CORS is created monolithically, which has several benefits

compared to existing spatial mechanisms. The CORS has multiple
overconstraints in rotation and translation around and along all axes.
This could normally lead to asymmetric stresses due to potential
temperature gradients, for instance. However, this effect is mini-
mized due to its monolithic structure. Furthermore, the CORS main-
tains high precision repeatability, simplified assembly, predictable
compliance, and more robust to thermal influences due to being
monolithic.
The optimized CORS has an inter-flexure angle 2α = 10 deg, corre-

sponding to the lower bound. This is expected since a small angle
results in a higher support stiffness and low stiffness in the direction
of motion. In theory, this angle could be made very small but still
nonzero. If the angle is zero, it is analogous to a single leaf spring
with a shortening effect during motion. However, the minimal radii
of the fillets limited by the manufacturing process constrain the angles.
Furthermore, the thickness of the flexures, t = 0.6mm, also

reached their lower bound. Reducing the thickness will result
in lowering the stiffness in the drive direction in the order of
power 3, while other stiffnesses reduce linearly. The thickness
could theoretically be reduced to obtain better designs. However,
the wire-EDM manufacturing process used was unable to realize
this. Consequently, a minimum threshold of 0.6mm was prescribed
for this parameter.
The performance of the CORS is characterized by the travel and

position accuracy and the first and second eigenfrequency. The
translational errors along the X and Y axes are 0.838 nm/μm and
0.636 nm/μm, respectively. However, these errors includeto
change i misalignment of the mirrors relative to the direction of
motion and the sensors, which will artificially affect the travel accu-
racy due to an Abbe error. Furthermore, the sensors have a certain
drift over time due to changes in external conditions. These errors
are linear; therefore, they can be filtered resulting in Fig. 12. The
corrected errors along the X and Y axes are now within 10 nm for
a 140 μm stroke, respectively. The measurements are limited to
the resolution of the sensors, and mostly noise is observed. A
fitting suggests no error along the X and Y axes, respectively.
The measured rotation around Z revealed a rotation of 1.44

nrad/μm. This results in a translational error on each platform’s
corner of approximately 0.8 nm/μm. The measured tip and tilt
errors, Rx and Ry, have a range of approximately 6 μrad and 4
μrad over the Z stroke. These errors are not corrected for the flatness
deviations of the mirrors.
The errors could be the result of the nonflatness of the mirror and

the actuator misalignment. The flatness deviation of the mirror is
λ/20 corresponding to 0.025 μm for visible light (≈500 nm). The
deviation will cause the reflected light to be slightly distorted

from its ideal position. Considering a flat mirror, we can assume
that the radius of curvature is effectively infinite. Therefore, the
lateral displacement is equal to the flatness deviation, 25 nm. This
lateral displacement also influences the rotational measurement,
which is not corrected. The error due to this nonflatness of the
mirror is in the same order as the measured twist error.
FEM revealed that the actuator alignment affects the travel accu-

racy. If the load vector has an angle with the X and Y axes of 5.7deg
relative to the Z axis, the position accuracy is 22 nm in both X and Y
directions. This is also an opportunity; the measured linear error
can also be calibrated physically. Figure 13 shows the transla-
tional error over a 140 μm stroke due to the angled actuator force,
resulting in a normal and shear force. The measured translational
X is 0.024 nm/μm. This suggests that the CORS can be calibrated
even if the CORS itself does not exhibit a perfectly linear motion.
Mass on the platform has been added to investigate the effect of

payload on the tip and the tilt error. It had no influence, which sug-
gests that the CORS is stiff in Rx and Ry. However, more research
is needed to obtain more precise information on the parasitic
motions around the X and Y axes.
Figure 9 shows the 3D-scan of the CORS manufactured through

EDM. Visual inspection revealed manufacturing errors, which are
confirmed by the scan, such as nonuniform radii in the fillets of
the flexure. All fillets are of different sizes and radii, for instance,
the fillets seen in Fig. 9. This could lead to asymmetric flexures
with different effective lengths. However, the advantage of the
design is that imperfections have less influence on the motion
path due to elastic averaging and that the flexures constrain
motion in all directions except a Z-translation. Furthermore, a
small bump in the middle of the flexures is seen as a result of the
start of the EDM process. Yet, it did not affect the functionality
of the CORS, so it can be concluded that errors close to the fillets
and the bump in the middle are functionally acceptable. However,
to avoid these errors, changes can be made in the design and man-
ufacturing process.
The alignment of the flexures can be seen in Fig. 9. The flexures

should all be perfectly aligned in the horizontal plane to avoid par-
asitic error. However, a deviation of at least 4 μm was measured,
suggesting that the flexures are not aligned perfectly, corresponding
to a misalignment of 0.5mrad to the horizontal plane. The influence
of this misalignment has been investigated using FEM. The mis-
alignment around the Y-axis of the two opposite flexures resulted
in a translational error of 69 nm in X. In practice, there is an
excess of the total error budget of 5 nm. Therefore, more research
has to be done into the manufacturing strategy. The alignment
must be done carefully to mitigate these errors.
The FFT in Fig. 10 shows an eigenfrequency of 20.35Hz and

approximately 185Hz. Compared to the simulation, the errors are
within 10% and 5.4%, respectively. The magnitude of the parasitic

Fig. 12 Corrected parasitic X- and Y-translation
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eigenmode, f1, is roughly 104 times smaller than that of the first eigen-
mode f0. To increase the magnitude and accuracy of f1, a different
measurement method can be used, for instance, with accelerometers
and a known trigger, such as an impact modal hammer. Furthermore,
the difference could be explained by a deviation in mass, Young’s
modulus, and stiffness introduced by manufacturing imperfections.
The most critical modes are the first X and Ymodes and the rotational
mode around Z, having a direct effect on the parasitic errors. These are
not measured and should be investigated in the future.
The measured repeatability errors and hysteresis could be the

result of friction and/or an error due to temperature drift. There
are a few spots where friction can occur. First, the metal wire is
stretched between two ring bolts. Tension within the wire could
lead to a slip between the bolt and the wire. Furthermore, friction
can occur within the actuator when the moving coil is not perfectly
aligned with the permanent magnet.
To gain insight into the manufacturing tolerances, a tolerance

analysis was performed. The parameter with the most influence is
the thickness of the flexure. The manufacturing tolerance on the
thickness is 0.02mm. The applied tolerance gave a translational
error of 11 nm. A more extensive analysis is required to obtain
more information about the tolerances which can lead to a more
robust design.
The fatigue life of the CORS was out of scope of this study.

However, some remarks can be made. The surface roughness was
considerable, which impacts the fatigue life negatively. This rough-
ness can be reduced by repeating the EDM process multiple times.
Furthermore, a postprocessing can be used to reduce the surface
roughness, for instance, glass bead blasting.
In terms of measuring, changes in environmental conditions

influence the accuracy of the chromatic confocal sensors.
Changes in atmospheric density alter the index of refraction, affect-
ing the wavelength of light in the sensors. This can introduce errors
in distance measurements, compromising accuracy. Calibration and
environmental controls can help mitigate this effect.
Furthermore, thermo-mechanical drifts refer to changes in the

system behavior due to temperature fluctuations and mechanical
stresses. These drifts can affect the stability and accuracy of mea-
surements in various devices and instruments, including sensors
and precision equipment. To minimize their impact, proper
thermal management and mechanical stabilization techniques are
often employed, such as environmental control.

5 Conclusions
This article presents the design of a compact ultralinear CORS.

This architecture resulted in a smaller and easier to manufacture

design compared to the existing literature. The design of the
CORS represents a significant advancement in compact mechanism
design, offering a compact design while maintaining critical perfor-
mance metrics. A monolithic embodiment of this spatial compliant
mechanism was obtained by wire-EDM in multiple directions.
The optimization process has resulted in a mechanism with small

measured parasitic motions. Translation errors along the X and Y
axes are 0.838 nm/μm and 0.636 nm/μm, respectively, for the criti-
cal 140 μm region of the range of motion. The rotational errors over
the critical 140 μm stroke are within 6 μrad and 4 μrad around the X
and Y axes, respectively. Furthermore, a small rotation occurs
around the Z axis of 1.44 nrad/μm.
After correcting these linear trends for drift and Abbe errors, the

resulting translation errors were reduced to below 10 nm (3 σ) or 5
nm (1σ) in both X and Y translations. The rotational errors were
down to 6 μrad (3σ) about the X axis, 4 μrad (3σ) about the Y
axis, and 1.1 μrad (3σ) about the Z axis. These values are conserva-
tive as imperfections of the measurement mirrors are not taken into
account.
The first eigenfrequency of the CORS (for its desired degree-

of-freedom) is 20.35Hz while the first parasitic eigenfrequency
(for the softest constraint direction) is around 185Hz.
Challenges such as manufacturing imperfections and mis-

alignment were identified, highlighting the need for meticulous
manufacturing processes and alignment procedures. Additionally,
considerations for environmental effects on measurement accuracy,
such as changes in atmospheric conditions and thermo-mechanical
drifts, underscore the importance of calibration and environmental
controls in ensuring reliable performance. Future research direc-
tions include further analysis of manufacturing tolerances, a more
complex measurement setup, exploration of modal characteristics,
and considerations for improving fatigue life through surface treat-
ment techniques.
In general, this study provides valuable insight into the design

and optimization of a compact ultralinear compliant torsion-
reinforced Sarrus mechanism, with promising results for high-
accuracy motion systems.
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Nomenclature
d = nodal displacement vector
G = shear modulus (Nm−2)
K = stiffness (Nm−1)

f0,...,n = eigenfrequency (Hz)

Greek Symbols

λ = wave length (m)
σy = yield strength (Nm−2)

Fig. 13 Parasitic X-translation after X-calibration

Journal of Mechanisms and Robotics FEBRUARY 2026, Vol. 18 / 024502-9

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

echanism
srobotics/article-pdf/18/2/024502/7541685/jm

r-25-1422.pdf by Technische U
niversiteit D

elft -Bibliotheek user on 03 N
ovem

ber 2025



Appendix: Summary of the Performance of
State-of-the-Art Designs and CORS
See Table 4.
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