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During the detailed design phase of the nano-hexapod, optimizing individual components while ensuring
their dynamic compatibility with the complete system presents significant challenges. While Finite
Element Analysis (FEA) serves as a powerful tool for component-level optimization, understanding how
the dynamics of each element interacts within the complete nano-active stabilization system (NASS)
becomes crucial. A full finite element model of the assembled system, while theoretically possible, would
prove impractical for simulating real-time control scenarios due to its computational complexity.

This chapter presents a hybrid modeling approach that combines finite element analysis with multi-
body dynamics, enabling both detailed component optimization and efficient system-level simulation.
The methodology employs reduced-order flexible bodies, whereby components whose dynamic proper-
ties are determined through FEA can be effectively integrated into the multi-body framework. The
theoretical foundations and practical implementation of this approach are presented in Section 1, where
experimental validation using an amplified piezoelectric actuator demonstrates the method’s accuracy
in predicting both open and closed-loop dynamic behavior.

This validated modeling framework is then applied to optimize two critical elements of the nano-
hexapod: the actuators and the flexible joints. Section 2 examines the selection and characterization
of amplified piezoelectric actuators, developing both high-fidelity and computationally efficient models
that capture essential dynamic characteristics. Section 3 addresses the design of flexible joints, where
precise control of directional stiffness proves crucial for system performance. In both cases, the hybrid
modeling approach enables detailed component optimization while maintaining the ability to predict
system-level dynamic behavior, particularly under closed-loop control conditions.



1 Reduced order flexible bodies

Components exhibiting complex dynamical behavior are frequently found to be unsuitable for direct
implementation within multi-body models. These components are traditionally analyzed using Finite
Element Analysis (FEA) software. However, a methodological bridge between these two analytical ap-
proaches has been established, whereby components whose dynamical properties have been determined
through FEA can be successfully integrated into multi-body models [1]. This combined multibody-FEA
modeling approach presents significant advantages, as it enables the selective application of FEA mod-
eling to specific elements while maintaining the computational efficiency of multi-body analysis for the
broader system [2].

The investigation of this hybrid modeling approach is structured in three sections. First, the funda-
mental principles and methodological approaches of this modeling framework are introduced (Section
1.1). It is then illustrated through its practical application to the modelling of an Amplified Piezo-
electric Actuator (APA) (Section 1.2). Finally, the validity of this modeling approach is demonstrated
through experimental validation, wherein the obtained dynamics from the hybrid modelling approach
is compared with measurements (Section 1.3).

1.1 Procedure

In this modeling approach, some components within the multi-body framework are represented as
reduced-order flexible bodies, wherein their modal behavior is characterized through reduced mass and
stiffness matrices derived from finite element analysis (FEA) models. These matrices are generated via
modal reduction techniques, specifically through the application of component mode synthesis (CMS),
thus establishing this design approach as a combined multibody-FEA methodology.

Standard FEA implementations typically involve thousands or even hundreds of thousands of DoF,
rendering direct integration into multi-body simulations computationally prohibitive. The objective of
modal reduction is therefore to substantially decrease the number of DoF while preserving the essential
dynamic characteristics of the component.

The procedure for implementing this reduction involves several distinct stages. Initially, the component
is modeled in a finite element software with appropriate material properties and boundary conditions.
Subsequently, interface frames are defined at locations where the multi-body model will establish con-
nections with the component. These frames serve multiple functions, including connecting to other
parts, applying forces and torques, and measuring relative motion between defined frames.

Following the establishment of these interface parameters, modal reduction is performed using the
Craig-Bampton method [3] (also known as the “fixed-interface method”), a technique that transforms
the extensive FEA degrees of freedom into a significantly reduced set of retained degrees of freedom. This
transformation typically reduces the model complexity from hundreds of thousands to fewer than 100
DoF. The number of degrees of freedom in the reduced model is determined by (1.1) where n represents
the number of defined frames and p denotes the number of additional modes to be modeled. The outcome



of this procedure is an m x m set of reduced mass and stiffness matrices, which can subsequently be
incorporated into the multi-body model to represent the component’s dynamic behavior.

m=6xn+p (1.1)

1.2 Example with an Amplified Piezoelectric Actuator

The presented modeling framework was first applied to an Amplified Piezoelectric Actuator (APA) for
several reasons. Primarily, this actuator represents an excellent candidate for implementation within
the nano-hexapod, as will be elaborated in Section 2. Additionally, an Amplified Piezoelectric Actuator
(the APA95ML shown in Figure 1.1) was available in the laboratory for experimental testing.

The APA consists of multiple piezoelectric stacks arranged horizontally (depicted in blue in Figure 1.1)
and of an amplifying shell structure (shown in red) that serves two purposes: the application of pre-stress
to the piezoelectric elements and the amplification of their displacement into the vertical direction [4].
The selection of the APA for validation purposes was further justified by its capacity to simultaneously
demonstrate multiple aspects of the modeling framework. The specific design of the APA allows for the
simultaneous modeling of a mechanical structure analogous to a flexible joint, piezoelectric actuation,
and piezoelectric sensing, thereby encompassing the principal elements requiring validation.

Parameter Value
Nominal Stroke 100 pm
. Blocked force 2100 N
, Stiffness 21 N/um
Figure 1.1: Picture of the APA95ML Table 1.1: APA95ML specifications

Finite Element Model The development of the finite element model for the APA95ML necessitated
the specification of appropriate material properties, as summarized in Table 1.2. The finite element
mesh, shown in Figure 1.2a, was then generated.

Table 1.2: Material properties used for FEA modal reduction model. E is the Young’s modulus, v the
Poisson ratio and p the material density

E v P
Stainless Steel 190GPa  0.31 7800 kg/m?
Piezoelectric Ceramics (PZT) 49.5GPa  0.31 7800 kg/m?

The definition of interface frames, or “remote points”, constitute a critical aspect of the model prepara-
tion. Seven frames were established: one frame at the two ends of each piezoelectric stack to facilitate
strain measurement and force application, and additional frames at the top and bottom of the structure
to enable connection with external elements in the multi-body simulation.



Six additional modes were considered, resulting in total model order of 48. The modal reduction
procedure was then executed, yielding the reduced mass and stiffness matrices that form the foundation
of the component’s representation in the multi-body simulation environment.
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Figure 1.2: Obtained mesh and defined interface frames (or “remote points”) in the finite element
model of the APA95SML (a). Interface with the multi-body model is shown in (b).

Super Element in the Multi-Body Model Previously computed reduced order mass and stiffness
matrices were imported in a multi-body model block called “Reduced Order Flexible Solid”. This block
has several interface frames corresponding to the ones defined in the FEA software. Frame {4} was
connected to the “world” frame, while frame {6} was coupled to a vertically guided payload. In this
example, two piezoelectric stacks were used for actuation while one piezoelectric stack was used as a
force sensor. Therefore, a force source F, operating between frames {3} and {2} was used, while a
displacement sensor dy, between frames {1} and {7} was used for the sensor stack. This is illustrated
in Figure 1.2b.

However, to have access to the physical voltage input of the actuators stacks V, and to the generated
voltage by the force sensor Vi, conversion between the electrical and mechanical domains need to be
determined.

Sensor and Actuator “constants” To link the electrical domain to the mechanical domain, an “actu-
ator constant” g, and a “sensor constant” gs were introduced as shown in Figure 1.2b.

From [5, p. 123], the relation between relative displacement dj, of the sensor stack and generated voltage
Vs is given by (1.2).

ds3
Vi=gs-dr, gs= TsDp (1.2)
From [6] the relation between the force F,, and the applied voltage V, is given by (1.3).
E A
Fo=9a-Va, ga=dssnka, ko= CT (13)



Unfortunately, it is difficult to know exactly which material is used in the amplified piezoelectric ac-
tuator'. However, based on the available properties of the stacks in the data-sheet (summarized in
Table 1.3), the soft Lead Zirconate Titanate “THP5H” from Thorlabs seemed to match quite well the
observed properties.

Table 1.3: Stack Parameters

Parameter Unit Value
Nominal Stroke wim 20
Blocked force N 4700
Stiffness N/pm 235
Voltage Range \%4 -20 to 150
Capacitance wF 4.4
Length mm 20
Stack Area mm? 10x10

The properties of this “THP5H” material used to compute g, and g, are listed in Table 1.4. From these
parameters, g; = 5.1 V/um and g, = 26 N/V were obtained.

Table 1.4: Piezoelectric properties used for the estimation of the sensor and actuators sensitivities

Parameter Value Description
dss3 680-10712m/V  Piezoelectric constant
el 4.0-1078 F/m  Permittivity under constant stress
sP 21-107'2m?2/N  Elastic compliance understand constant electric displacement
cP 48 - 10° N/m? Young’s modulus of elasticity
L 20 mm per stack Length of the stack
A 104 m? Area of the piezoelectric stack
n 160 per stack Number of layers in the piezoelectric stack

Identification of the APA Characteristics Initial validation of the finite element model and its in-
tegration as a reduced-order flexible model within the multi-body model was accomplished through
comparative analysis of key actuator characteristics against manufacturer specifications.

The stiffness of the APA9SML was estimated from the multi-body model by computing the axial
compliance of the APA95ML (Figure 1.3), which corresponds to the transfer function from a vertical
force applied between the two interface frames to the relative vertical displacement between these two
frames. The inverse of the DC gain this transfer function corresponds to the axial stiffness of the
APA95SML. A value of 23 N/um was found which is close to the specified stiffness in the datasheet of
k=21 N/um.

The multi-body model predicted a resonant frequency under block-free conditions of ~ 2kHz (Figure
1.3), which is in agreement with the nominal specification of 2 kHz.

In order to estimate the stroke of the APA95ML, first the mechanical amplification factor, defined as the
ratio between vertical displacement and horizontal stack displacement, needs to be determined. This
characteristic was quantified through analysis of the transfer function relating horizontal stack motion
to vertical actuator displacement, from which an amplification factor of 1.5 was derived.

IThe manufacturer of the APA95ML was not willing to share the piezoelectric material properties of the stack.
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Figure 1.3: Estimated compliance of the APA95ML

The piezoelectric stacks, exhibiting a typical strain response of 0.1 % relative to their length (here equal
to 20mm), produce an individual nominal stroke of 20 um (see data-sheet of the piezoelectric stacks
on Table 1.3, page 7). As three stacks are used, the horizontal displacement is 60 pm. Through the
established amplification factor of 1.5, this translates to a predicted vertical stroke of 90 um which falls
within the manufacturer-specified range of 80 um and 120 pm.

The high degree of concordance observed across multiple performance metrics provides a first validation
of the ability to include FEM into multi-body model.

1.3 Experimental Validation

Further validation of the reduced-order flexible body methodology was undertaken through experimental
investigation. The goal is to measure the dynamics of the APA95ML and compared it with predictions
derived from the multi-body model incorporating the actuator as a flexible element.

The test bench illustrated in Figure 1.4 was used, which consists of a 5.7kg granite suspended on
top of the APA95ML. The granite’s motion was vertically guided with an air bearing system, and a
fibered interferometer was used to measured its vertical displacement y. A digital-to-analog converter
(DAC) was used to generate the control signal u, which was subsequently conditioned through a voltage
amplification stage providing a gain factor of 20, ultimately yielding the effective voltage V, across the
two piezoelectric stacks. Measurement of the sensor stack voltage V was performed using an analog-
to-digital converter (ADC).

Comparison of the dynamics Frequency domain system identification techniques were used to charac-
terize the dynamic behavior of the APA95ML. The identification procedure necessitated careful choice
of the excitation signal [7, chap. 5]. The most used ones are impulses (particularly suited to modal
analysis), steps, random noise signals, and multi-sine excitations. During all this experimental work,
random noise excitation was predominantly employed.

The designed excitation signal is then generated and both input and output signals are synchronously
acquired. From the obtained input and output data, the frequency response functions were derived.
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Figure 1.4: Test bench used to validate “reduced order solid bodies” using an APA95ML. Picture of
the bench is shown in (a). Schematic is shown in (b).

To improve the quality of the obtained frequency domain data, averaging and windowing were used [7,
chap. 13]..

The obtained frequency response functions from V, to Vi and to y are compared with the theoretical
predictions derived from the multi-body model in Figure 1.5.

The difference in phase between the model and the measurements can be attributed to the sampling time
of 0.1 ms and to additional delays induced by electronic instrumentation related to the interferometer.
The presence of a non-minimum phase zero in the measured system response (Figure 1.5b), shall be
addressed during the experimental phase.

Regarding the amplitude characteristics, the constants g, and gs; could be further refined through
calibration against the experimental data.

Integral Force Feedback with APA To further validate this modeling methodology, its ability to pre-
dict closed-loop behavior was verified experimentally. Integral Force Feedback (IFF) was implemented
using the force sensor stack, and the measured dynamics of the damped system were compared with
model predictions across multiple feedback gains.

The IFF controller implementation, defined in equation 1.4, incorporated a tunable gain parameter g
and was designed to provide integral action near the system resonances and to limit the low frequency
gain using an high pass filter.

Interferometer
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Figure 1.5: Comparison of the measured frequency response functions and the identified dynamics
from the finite element model of the APA9SML. Both for the dynamics from V, to y (a)
and from V, to V5 (b)
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The theoretical damped dynamics of the closed-loop system was analyzed through using the model by
computed the root locus plot shown in Figure 1.6a. For experimental validation, six gain values were
tested: g = [0, 10, 50, 100, 500, 1000]. The measured frequency responses for each gain configuration
were compared with model predictions, as presented in Figure 1.6b.

The close agreement between experimental measurements and theoretical predictions across all gain
configurations demonstrates the model’s capability to accurately predict both open-loop and closed-
loop system dynamics, thereby validating its utility for control system design and analysis.

Conclusion

The modeling procedure presented in this section will demonstrate significant utility for the optimization
of complex mechanical components within multi-body systems, particularly in the design of actuators
(Section 2) and flexible joints (Section 3).

Through experimental validation using an Amplified Piezoelectric Actuator, the methodology has been
shown to accurately predict both open-loop and closed-loop dynamic behavior, thereby establishing its
reliability for component design and system analysis.

While this modeling approach provides accurate predictions of component behavior, the resulting model

order can become prohibitively high for practical time-domain simulations. This is exemplified by the
nano-hexapod configuration, where the implementation of six Amplified Piezoelectric Actuators, each
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Figure 1.6: Obtained results using Integral Force Feedback with the APA95ML. Obtained closed-loop
poles as a function of the controller gain g are prediction by root Locus plot (a). Circles
are predictions from the model while crosses are poles estimated from the experimental
data. Damped plants estimated from the model (dashed curves) and measured ones (solid
curves) are compared in (b) for all tested controller gains.

modeled with 48 degrees of freedom, yields 288 degrees of freedom only for the actuators. However, the
methodology remains valuable for system analysis, as the extraction of frequency domain characteristics

can be efficiently performed even with such high-order models.
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2 Actuator Selection

The selection and modeling of actuators constitutes a critical step in the development of the nano-
hexapod. This chapter presents the approach to actuator selection and modeling. First, specifications
for the nano-hexapod actuators are derived from previous analyses, leading to the selection of the actu-
ator type and ultimately to a specific model (Section 2.1). Then, the chosen actuator is modeled using
the reduced-order flexible body approach developed in the previous section, enabling validation of this
selection through detailed dynamical analysis (Section 2.2). Finally, a simplified two-degree-of-freedom
model is developed to facilitate time-domain simulations while maintaining accurate representation of
the actuator’s essential characteristics (Section 2.3).

2.1 Choice of the Actuator based on Specifications

The actuator selection process was driven by several critical requirements derived from previous dy-
namic analyses. A primary consideration is the actuator stiffness, which significantly impacts system
dynamics through multiple mechanisms. The spindle rotation induces gyroscopic effects that modify
plant dynamics and increase coupling, necessitating sufficient stiffness. Conversely, the actuator stiffness
must be carefully limited to ensure the nano-hexapod’s suspension modes remain below the problem-
atic modes of the micro-stations to limit the coupling between the two structures. These competing
requirements suggest an optimal stiffness of approximately 1 N/um.

Additional specifications arise from the control strategy and physical constraints. The implementation
of a HAC-LAC (High Authority Control-Low Authority Control) architecture necessitates integrated
force sensing capability. The system’s geometric constraints limit the actuator height to 50mm, given
the nano-hexapod’s maximum height of 95mm and the presence of flexible joints at each strut extremity.
Furthermore, the actuator stroke must exceed the micro-station positioning errors while providing addi-
tional margin for mounting adjustments and operational flexibility, which is estimated at ~ 100 ym.

Three actuator technologies were evaluated (examples are shown in Figure 2.1): voice coil actuators,
piezoelectric stack actuators, and amplified piezoelectric actuators. Variable reluctance actuators were
not considered despite their superior efficiency compared to voice coil actuators, as their inherent
nonlinearity would introduce unnecessary control complexity.

Voice coil actuators (shown in Figure 2.1a), when combined with flexure guides of wanted stiffness
~ 1 N/um, would require forces above 100 N to achieve the specified 100 um displacement. While
these actuators offer excellent linearity and long strokes, the constant force requirement would result
in significant steady-state current, leading to thermal loads that could compromise system stability.
Their advantages were not considered adapted for this application, diminishing their benefits relative
to piezoelectric solutions.

Conventional piezoelectric stack actuators (shown in Figure 2.1b) present two significant limitations

for the current application. Their stroke is inherently limited to approximately 0.1 % of their length,
meaning that even with the maximum allowable height of 50 mm, the achievable stroke would only be

12



(a) Voice Coil (b) Piezoelectric stack (¢) Amplified Piezoelectric Actuator

Figure 2.1: Example of actuators considered for the nano-hexapod. Voice coil from Sensata Technolo-
gies (a). Piezoelectric stack actuator from Physik Instrumente (b). Amplified Piezoelectric
Actuator from DSM (c).

50 um, insufficient for the application. Additionally, their extremely high stiffness, typically around
100 N/pum, exceeds the desired specifications by two orders of magnitude.

Amplified Piezoelectric Actuators (APAs) emerged as the optimal solution by addressing these limi-
tations through an specific mechanical design. The incorporation of a shell structure serves multiple
purposes: it provides mechanical amplification of the piezoelectric displacement, reduces the effective
axial stiffness to more suitable levels for the application, and creates a compact vertical profile. Fur-
thermore, the multi-stack configuration enables one stack to be dedicated to force sensing, ensuring
excellent collocation with the actuator stacks, a critical feature for implementing robust decentralized
control strategies. Moreover, using APA for active damping has been successfully demonstrated in
similar applications [3].

Several specific APA models were evaluated against the established specifications (Table 2.1). The
APA300ML emerged as the optimal choice. This selection was further reinforced by previous experience
with APAs from the same manufacturer', and particularly by the successful validation of the modeling
methodology with a similar actuator (Section 1.2). The demonstrated accuracy of the modeling ap-
proach for the APA95ML provides confidence in the reliable prediction of the APA300ML’s dynamic
characteristics, thereby supporting both the selection decision and subsequent dynamical analyses.

Table 2.1: List of some amplified piezoelectric actuators that could be used for the nano-hexapod

Specification APA150M  APA300ML APA400MML  FPA-0500E-P  FPA-0300E-S
Stroke > 100 [um] 187 304 368 432 240
Stiffness ~ 1 [N/pm] 0.7 1.8 0.55 0.87 0.58
Resolution < 2 [nm] 2 3 4

Blocked Force > 100 [N] 127 546 201 376 139
Height < 50 [mm] 22 30 24 27 16

2.2 APA300ML - Reduced Order Flexible Body

The validation of the APA300ML started by incorporating a “reduced order flexible body” into the
multi-body model as explained in Section 1. The FEA model was developed with particular attention to

1Cedrat technologies
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the placement of reference frames, as illustrated in Figure 2.2b. Seven distinct frames were defined, with
blue frames designating the force sensor stack interfaces for strain measurement, red frames denoting
the actuator stack interfaces for force application and green frames for connecting to other elements.
120 additional modes were added during the modal reduction for a total order of 162. While this
high order provides excellent accuracy for validation purposes, it proves computationally intensive for
simulations.

(a) Picture of the APA300ML (b) FEM of the APA300ML

Figure 2.2: Amplified Piezoelectric Actuator APA300ML. Picture shown in (a). Frames (or “remote
points”) used for the modal reduction are shown in (b).

The sensor and actuator “constants” (gs and g,) derived in Section 1.2 for the APA95ML were used
for the APA300ML model, as both actuators employ identical piezoelectric stacks.

2.3 Simpler 2DoF Model of the APA300ML

To facilitate efficient time-domain simulations while maintaining essential dynamic characteristics, a
simplified two-degree-of-freedom model was developed, adapted from [9].

This model, illustrated in Figure 2.3, comprises three components. The mechanical shell is characterized
by its axial stiffness k; and damping ¢;. The actuator is modelled with stiffness k, and damping c,,
incorporating a force source f. This force is related to the applied voltage V, through the actuator
constant g,. The sensor stack is modeled with stiffness k. and damping c., with its deformation dr,
being converted to the output voltage Vs through the sensor sensitivity gs.

|
Shell

k1§01t

Figure 2.3: Schematic of the 2DoF model of the Amplified Piezoelectric Actuator

While providing computational efficiency, this simplified model has inherent limitations. It considers
only axial behavior, treating the actuator as infinitely rigid in other directions. Several physical char-
acteristics are not explicitly represented, including the mechanical amplification factor and the actual

14



stress the piezoelectric stacks. Nevertheless, the model’s primary advantage lies in its simplicity, adding
only four states to the system model.

The model requires tuning of 8 parameters (k1, c1, ke, Ce, ka, Ca, gs, and g,) to match the dynamics
extracted from the finite element analysis.

The shell parameters k; and ¢; were determined first through analysis of the zero in the V,, to V; transfer
function. The physical interpretation of this zero can be understood through Root Locus analysis: as
controller gain increases, the poles of a closed-loop system converge to the open-loop zeros. In this
context, the zero corresponds to the poles of the system with a theoretical infinite-gain controller that
ensures zero force in the sensor stack. This condition effectively represents the dynamics of an APA
without the force sensor stack. This physical interpretation enables straightforward parameter tuning:
k1 determines the frequency of the zero, while ¢; defines its damping characteristic.

The stack parameters (kq, Cq, ke, Ce) were then derived from the first pole of the V, to y response. Given
that identical piezoelectric stacks are used for both sensing and actuation, the relationships k. = 2k,
and c. = 2¢c, were enforced, reflecting the series configuration of the dual actuator stacks. Finally, the
sensitivities ¢g; and g, were adjusted to match the DC gains of the respective transfer functions.

The resulting parameters, documented in Table 2.2, yield dynamic behavior that closely matches the
high-order finite element model, as demonstrated in Figure 2.4. While higher-order modes and non-
axial flexibility are not captured, the model accurately represents the fundamental dynamics within the
operational frequency range.

Table 2.2: Summary of the obtained parameters for the 2 DoF APA300ML model

Parameter Value
k1 0.30 N/um
ke 4.3 N/um
kaq 2.15 N/pm
1 18 Ns/m
Ce 0.7Ns/m
Ca 0.35 Ns/m
Ja 27TN/V
Js 0.53V/um

2.4 Electrical characteristics of the APA

The behavior of piezoelectric actuators is characterized by coupled constitutive equations that establish
relationships between electrical properties (charges, voltages) and mechanical properties (stress, strain)
[10, chapter 5.5].

To evaluate the impact of electrical boundary conditions on the system dynamics, experimental mea-
surements were conducted using the APA95ML, comparing the transfer function from V, to y under
two distinct configurations. With the force sensor stack in open-circuit condition (analogous to voltage
measurement with high input impedance) and in short-circuit condition (similar to charge measurement
with low output impedance). As demonstrated in Figure 2.5, short-circuiting the force sensor stack re-
sults in a minor decrease in resonance frequency. This relatively modest effect validates the simplifying
assumption made in the model of the APA.

15
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However, the electrical characteristics of the APA remain crucial for instrumentation design. Proper
consideration must be given to voltage amplifier specifications and force sensor signal conditioning
requirements. These aspects, being fundamental to system implementation, will be addressed in the
instrumentation chapter.

2.5 Validation with the Nano-Hexapod

The integration of the APA300ML model within the nano-hexapod simulation framework served two
validation objectives: to validate the APA300ML choice through analysis of system dynamics with APA
modelled as flexible bodies, and to validate the simplified 2DoF model through comparative analysis
with the full FEM implementation.

The dynamic characteristics predicted using the flexible body model align well with the design re-
quirements established during the conceptual phase. The dynamics from w to V; exhibits the desired
alternating pole-zero pattern (Figure 2.6a), a critical characteristic for implementing robust decentral-
ized Integral Force Feedback. Additionally, the model predicts no problematic high-frequency modes in
the dynamics from u to €, (Figure 2.6b), maintaining consistency with earlier conceptual simulations.
These findings suggest that the control performance targets established during the conceptual phase
remain achievable with the selected actuator.

Comparative analysis between the high-order FEM implementation and the simplified 2DoF model
(Figure 2.6) demonstrates remarkable agreement in the frequency range of interest. This validates the
use of the simplified model for time-domain simulations, where computational efficiency is paramount.
The reduction in model order is substantial: while the FEM implementation results in approximately
300 states (36 states per actuator plus 12 additional states), the 2DoF model requires only 24 states
for the complete nano-hexapod.

These results validate both the selection of the APA300ML and the effectiveness of the simplified
modeling approach for the nano-hexapod.
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Figure 2.6: Comparison of the dynamics obtained between a nano-hexpod having the actuators mod-

eled with FEM and a nano-hexapod having actuators modelled a 2DoF system. Both from
actuator force f to strut motion measured by external metrology €, (b) and to the force
sensors f,, (a).
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3 Flexible Joint Design

High-precision position control at the nanometer scale requires systems to be free from friction and
backlash, as these nonlinear phenomena severely limit achievable positioning accuracy. This funda-
mental requirement prevents the use of conventional joints, necessitating instead the implementation of
flexible joints that achieve motion through elastic deformation. For Stewart platforms requiring nano-
metric precision, numerous flexible joint designs have been developed and successfully implemented,
as illustrated in Figure 3.1. For design simplicity and component standardization, identical joints are
employed at both ends of the nano-hexapod struts.

- p /\

JVavavavay,
KA

AYAVAY
TAVAVAVAY,

;_‘;_;_-_sz.#_;-,h-_..,g . = \_/
(a) (b) ©
Figure 3.1: Example of different flexible joints geometry used for Stewart platforms. (a) [11]. (b) [12].
(c) [13].

While ideally these joints would permit free rotation about defined axes while maintaining infinite rigid-
ity in other degrees of freedom, practical implementations exhibit parasitic stiffness that can impact
control performance [14]. This section examines how these non-ideal characteristics affect system be-
havior, focusing particularly on bending/torsional stiffness (Section 3.1) and axial compliance (Section
3.2).

The analysis of bending and axial stiffness effects enables the establishment of comprehensive specifi-
cations for the flexible joints. These specifications guide the development and optimization of a flexible
joint design through finite element analysis (Section 3.3). The validation process, detailed in Section
3.4, begins with the integration of the joints as “reduced order flexible bodies” in the nano-hexapod
model, followed by the development of computationally efficient lower-order models that preserve the
essential dynamic characteristics.
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3.1 Bending and Torsional Stiffness

The presence of bending stiffness in flexible joints causes the forces applied by the struts to deviate
from the strut direction. This additional spring forces can affect system dynamics.

To isolate and quantify these effects, simulations were conducted with the micro-station considered rigid
and using simplified single-degree-of-freedom actuators (stiffness 1 N/um) without parallel force sensor
stiffness. Joint bending stiffness was varied from 0 (ideal case) to 500 Nm/rad.

Analysis of the plant dynamics reveals two significant effects. For the transfer function from f to e,
bending stiffness increases low-frequency coupling, though this remains small for realistic stiffness values
(Figure 3.2a). In [14], it is established that forces remain effectively aligned with the struts when the
flexible joint bending stiffness is much small than the actuator stiffness multiplied by the square of the
strut length. For the nano-hexapod, this corresponds to having the bending stiffness much lower than
9000 Nm/rad. This condition is more readily satisfied with the relatively stiff actuators selected, and
could be problematic for softer Stewart platforms.

For the force sensor plant, bending stiffness introduces complex conjugate zeros at low frequency (Fig-
ure 3.2b). This behavior resembles having parallel stiffness to the force sensor as was the case with
the APA300ML (see Figure 2.6b). However, this time the parallel stiffness does not comes from the
considered strut, but from the bending stiffness of the flexible joints of the other five struts. This
characteristic impacts the achievable damping using decentralized Integral Force Feedback [12]. This
is confirmed by the Root Locus plot in Figure 3.3a. This effect becomes less significant when using
the selected APA300ML actuators (Figure 3.3b), which already incorporate parallel stiffness by design
which is higher than the one induced by flexible joint stiffness.

A parallel analysis of torsional stiffness revealed similar dynamic effects, though these proved less critical
for system performance.
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Figure 3.2: Effect of bending stiffness of the flexible joints on the plant dynamics. Both from actuator
force f to strut motion measured by external metrology €, (a) and to the force sensors
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Figure 3.3: Effect of bending stiffness of the flexible joints on the attainable damping with decentral-
ized IFF. When having an actuator modelled as 1DoF without parallel stiffness to the
force sensor (a), and with the 2DoF model of the APA300ML (b)

3.2 Axial Stiffness

The limited axial stiffness (k,) of flexible joints introduces an additional compliance between the ac-
tuation point and the measurement point. As explained in [15, chapter 6] and in [2] (effect called
“actuator flexibility”), such intermediate flexibility invariably degrades control performance. There-
fore, determining the minimum acceptable axial stiffness that maintains nano-hexapod performance
becomes crucial.

The analysis incorporates the strut mass (112g per APA300ML) to accurately model internal resonance
effects. A parametric study was conducted by varying the axial stiffness from 1N/um (matching
actuator stiffness) to 1000 N/um (approximating rigid behavior). The resulting frequency responses
(Figure 3.4) reveal distinct effects on system dynamics.

The force-sensor (IFF) plant exhibits minimal sensitivity to axial compliance, as evidenced by both
frequency response data (Figure 3.4b) and root locus analysis (Figure 3.5a).

However, the externally measured (HAC) plant demonstrates significant effects: internal strut modes
appear at high frequencies, introducing substantial cross-coupling between axes. This coupling is quan-
tified through RGA analysis of the damped system (Figure 3.5b), which confirms increasing interaction
between control channels at frequencies above the joint-induced resonance.

Above this resonance frequency, two critical limitations emerge. First, the system exhibits strong
coupling between control channels, making decentralized control strategies ineffective. Second, control
authority diminishes significantly near the resonant frequencies. These effects fundamentally limit
achievable control bandwidth, making high axial stiffness essential for system performance.

Based on this analysis, an axial stiffness specification of 100 N/um was established for the nano-hexapod
joints.
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3.3 Specifications and Design flexible joints

The design of flexible joints for precision applications requires careful consideration of multiple me-
chanical characteristics. Critical specifications include sufficient bending stroke to ensure long-term
operation below yield stress, high axial stiffness for precise positioning, low bending and torsional stiff-
nesses to minimize parasitic forces, adequate load capacity, and well-defined rotational axes. Based on
the dynamic analysis presented in previous sections, quantitative specifications were established and
are summarized in Table 3.1.

Table 3.1: Specifications for the flexible joints and estimated characteristics from the Finite Element

Model
Specification FEM
Axial Stiffness k, > 100 N/um 94
Shear Stiffness k; >1N/um 13

Bending Stiffness &y < 100 Nm/rad 5
Torsion Stiffness k; <500 Nm/rad 260
Bending Stroke > 1 mrad 24.5

Among various possible flexible joint architectures, the design shown in Figure 3.6 was selected for
three key advantages. First, the geometry creates coincident x and y rotation axes, ensuring well-defined
kinematic behavior through precise definition of the system’s Jacobian matrix. Second, the design allows
easy tuning of different directional stiffnesses through a limited number of geometric parameters. Third,
the architecture inherently provides high axial stiffness while maintaining the required compliance in
rotational degrees of freedom.

The joint geometry was optimized through parametric finite element analysis. The optimization pro-
cess revealed an inherent trade-off between maximizing axial stiffness and achieving sufficiently low
bending/torsional stiffness, while maintaining material stresses within acceptable limits. The final de-
sign, featuring a neck dimension of 0.25mm, achieves mechanical properties closely matching the target
specifications, as verified through finite element analysis and documented in Table 3.1.

:: d = 0.25mm

(a) 3D view (b) Key dimensions

Figure 3.6: Designed flexible joints.

3.4 Validation with the Nano-Hexapod

The designed flexible joint was first validated through integration into the nano-hexapod model using
reduced-order flexible bodies derived from finite element analysis. This high-fidelity representation was
created by defining two interface frames (Figure 3.7) and extracting six additional modes, resulting
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in reduced-order mass and stiffness matrices of dimension 18 x 18. The computed transfer functions
from actuator forces to both force sensor measurements (f to f,,) and external metrology (f to €r)
demonstrate dynamics consistent with predictions from earlier analyses (Figure 3.8), thereby validating
the joint design.

Figure 3.7: Defined frames for the reduced order flexible body. The two flat interfaces are considered
rigid, and are linked to the two frames {F} and {M} both located at the center of the
rotation.

While this detailed modeling approach provides high accuracy, it results in a significant increase in
system model order. The complete nano-hexapod model incorporates 240 states: 12 for the payload
(6 DOF), 12 for the 2DOF struts, and 216 for the flexible joints (18 states for each of the 12 joints).
To improve computational efficiency, a low order representation was developed using simplified joint
elements with selective compliance DoF.

After evaluating various configurations, a compromise was achieved by modeling bottom joints with
bending and axial stiffness (ky and k,), and top joints with bending, torsional, and axial stiffness (ky,
k: and k,). This simplification reduces the total model order to 48 states: 12 for the payload, 12
for the struts, and 24 for the joints (12 each for bottom and top joints). While additional degrees of
freedom could potentially capture more dynamic features, the selected configuration preserves essential
behavioral characteristics while minimizing computational complexity.
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Figure 3.8: Comparison of the dynamics obtained between a nano-hexpod including joints modelled
with FEM and a nano-hexapod having bottom joint modelled by bending stiffness kg
and axial stiffness k, and top joints modelled by bending stiffness ky, torsion stiffness k;
and axial stiffness k,. Both from actuator force f to strut motion measured by external
metrology €, (b) and to the force sensors f,, (a).
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Conclusion

In this chapter, the methodology of combining finite element analysis with multi-body modeling has been
demonstrated and validated, proving particularly valuable for the detailed design phase of the nano-
hexapod. The approach was first validated using an amplified piezoelectric actuator, where predicted
dynamics showed excellent agreement with experimental measurements for both open and closed-loop
behavior. This validation established confidence in the method’s ability to accurately predict component
behavior within the broader system context.

The methodology was then successfully applied to optimize two critical components. For the actuators,
it enabled validation of the APA300ML selection while providing both high-fidelity and computationally
efficient models for system simulation. Similarly, for the flexible joints, the analysis of bending and axial
stiffness effects led to clear specifications and an optimized design that balances competing mechanical
requirements. In both cases, the ability to seamlessly integrate finite element models into the multi-body
framework proved essential for understanding component interactions and their impact on system-level
dynamics.

A key outcome of this work is the development of reduced-order models that maintain prediction
accuracy while enabling efficient time-domain simulation. Such model reduction, guided by detailed
understanding of component behavior, provides the foundation for subsequent control system design
and optimization.
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