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Abstract This paper presents a design optimization

method for continuum compliant structures. The

developed optimization tool enables automated

design, analysis and optimization of the compliant

structures in a single simulation environment. The

associated algorithm used automatically analyses the

stress distribution occurring under certain loading and

deformation conditions of initial designs defined by

the user, adjusts a uniform stress distribution among

individual flexure hinges by automated dimensioning

and finalizes the design by integrating mechanical

stops automatically matched with the kinematic

capacity of individual hinges. In order to prove the

advantages of the proposed optimization method,

validation tests were performed under static and

dynamic loading conditions. Results of the experi-

ments showed that, compared to the non-optimized

ones, optimized structures with the developed tool

exhibit more uniform curvatures which indicate more

even stress distribution among the individual hinges;

up to 25% value increase in terms of maximum

bearable load and maximum permissible deflection

angle; less plastic deformation in case of overloading

and up to 100% increased fatigue life.

Keywords Design optimization � Compliant

mechanisms � Automated tool

1 Introduction

1.1 Background

Minimally invasive surgery (MIS) has established

itself in many surgical applications as a standard

procedure due to its minimal access methods through

small incisions or natural orifices (Oh et al. 2014). MIS

brings along many advantages for patients over open

surgery such as shorter hospital stay, reduced postop-

erative pain, improved cosmesis and decreased mor-

bidity. Nevertheless, the surgeons need to face some

challenges, since they need to rely on instruments for

surgical tasks and endoscopes for visualization. For

most of the cases, especially in laparoscopic surgery,

available rigid instrumentation is sufficient to perform

the interventions smoothly. However, there is still a

substantial need for small and flexible instruments for

particular applications where rigid instruments reach

their limit in terms of optimal accessibility due to

anatomical constraints (Schneider et al. 2013). One

example of such an application is the endoscopic

frontal sinus surgery, where the rigid instruments

cannot reach the pathologies more lateral than lamina

papyracea (Conger et al. 2014). Another example is
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the transurethral bladder surgery, where rigid instru-

ments cannot provide retroflexion to reach the tumors

around the bladder neck (Herrell et al. 2014). In such

situations either open surgery becomes the preferred

choice or the acceptance of the pathology is chosen

over the risk presented by surgery. Under these

circumstances, the development of novel small and

flexible instruments is of crucial importance.

Compliant mechanisms have a great potential to

address the requirements for prospective flexible

surgical instruments. First of all, their monolithic

structure facilitates miniaturization by eliminating

assembly. Secondly, durability can be improved, since

no mechanical wear occurs. Lastly, the omission of the

lubrication contributes to the sterilizability. Besides

these advantages, there are also certain challenges to

consider when designing flexible surgical tools based

on compliant mechanisms. On the one hand, sufficient

flexibility is needed for dexterous movements within

the organs and lumens. This usually requires high

range of deflections within small distances from the

smallest element of compliant mechanism which are

the flexure hinges. Metals are usually choice of

material if further miniaturization of the overall size

is targeted by taking advantage of small wall thick-

nesses. On the other hand, metals are usually less

resilient compared to polymers which results in

limited elastic deformability. The use of a superelastic

material such as nitinol can therefore address the

flexibility requirement in combination with an effi-

cient design. Nevertheless, flexibility is not the only

concern when designing flexible surgical tools.

Depending on the surgical task, the structure should

present sufficient payload capacity to be able to

transmit the forces from the user interface to the end

effectors. While reachability function can indirectly

be associated with the flexibility feature, payload

capacity can indirectly be associated with the structure

stiffness which is a contrary feature to the former one.

This trade-off needs to be analyzed thoroughly and

efficient designs should be provided to adapt it to the

needs of surgical applications. While doing that, the

durability of the system should be respected as a

boundary condition. In other words, the designed

structure must ensure a satisfactory lifetime under

static and dynamic loading conditions, while showing

adequate flexibility for reachability and sufficient

stiffness for manipulability.

1.2 State of the art

Although the number of commercially available

surgical instruments based on continuum compliant

mechanisms is limited, many research groups are

working on the development of such concepts. In the

following paragraphs, an overview about design,

modelling and optimization of continuum flexure

hinge based structures will be provided.

Kutzer et al. (2011) proposed a continuum dexter-

ous manipulator design for minimally invasive treat-

ment of osteolytic lesions. The bidirectional bending

of this design is realized with asymmetrical, identical

and equally-spaced notches placed on the longitudinal

plane of a cylindrical nitinol tube. Swaney et al. (2017)

presented a wrist concept which consists of a series of

cut-outs that form multiple serial quasi-rectangular

cross section flexure hinges. To achieve tip first

bending with the aim of reaching small radii of

curvature, the flexures closer to the distal tip were

designed with lower thicknesses to distribute a larger

amount of strains onto these ones. Another good

example for the application of continuum compliant

structures to create miniaturized designs is the steer-

able needle. Gerboni et al. (2017) presented a highly

articulated flexure hinge based design with less than

1.5 mm overall diameter which achieves sufficient

curvatures for radio-frequency ablation in the liver.

The design of the flexible tip is realized with equally

dimensioned flexure hinges generated by laser

machining of circular notches on a thin walled nitinol

tube. Besides these examples of compliant structures

that provide planar bending, there are also continuum

design configurations offering multiple degrees of

freedom. Coemert et al. (2017a) presented how to

realize spatially bendable compliant structures using a

conventional machining technology, specifically elec-

trical discharge machining. This is achieved by

placing the flexure hinges on two perpendicular planes

in a serial way. By taking advantage of additive

manufacturing technology, implementation of smart

structures becomes possible without being constrained

by the manufacturing limits. To exemplify, Krieger

et al. (2019) came up with shape memory structures

that are automatically designed to take predefined

task-specific end poses. To achieve that, flexure hinges

are placed along the structure in an irregular way that a

moment applied by a pull-wire actuation causes the

structure to follow a predefined trajectory. Continuum
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compliant mechanism based designs are not limited to

the aforementioned examples, but all related works

follow similar approaches.

The work related to the modelling of continuum

compliant structures mainly concentrates on kine-

matic modelling. Most of these methods are based on

the Euler–Bernoulli beam theory, which determines

the behaviour of a beam under certain assumptions

such as small bending deformations and constant

cross-sectional area. It assumes that the curvature of

the beam is proportional to the moment responsible for

bending (Howell et al. 2013). Piecewise constant

curvature modelling (CCM) was proposed byWebster

and Jones (2010) for simplified modelling of contin-

uum structures’ poses using joint angles and lengths.

Whereas previously mentioned methods cannot

address large deflections, Pseudo Rigid Body Model

(PRBM) represents a nonlinear approach to the model

compliant mechanisms taking these into account. In

this method, compliant elements are represented with

two rigid linkages connected by a torsion spring

(Howell et al. 2013). This model is useful in predicting

tip coordinates, whereas correct representation of the

deformation profile is not provided. Apart from that,

there are inaccuracies related to the shifting of the

rotation pivot point in the reality depending on the

deflection amount which is not taken into account in

the model. Finite Element Method (FEM) is the most

reliable tool for kinematic modelling of compliant

mechanisms (Druskin et al. 2014). Particularly under

the assumption of large deflections, FEM enables the

automation of the calculation processes by numerical

solving of differential equations. Here the body is

converted into finite, infinitesimally small elements

with simple geometries (e.g. tetrahedrons). The phys-

ical behaviour of these elements is then analysed with

regression functions. The smaller the finite elements

are selected the more accurate the model is. Increased

computational effort should be taken into account due

to increasing number of elements. However, if FEM is

used for the design of compliant mechanisms, the

nonlinear analysis is particularly needed due to large

deformations (Friedrich et al. 2014; Friedrich and

Lammering 2015).

In order to obtain efficient compliant mechanisms,

structural optimization methods are utilized. Accord-

ing to Schumacher (2005), structural optimization

methods are investigated in three branches: topology

optimization, shape optimization and dimensioning.

Topology describes the location and arrangement of

structural elements (Friedrich 2016). There, the size of

the design space, boundary conditions, loads and an

optimization goal are defined by the user. The design

space is discretized by disc or rod elements and

calculated by a linear or nonlinear analysis. The

geometry optimization deals with the external shape of

components and the dimensioning with wall thick-

nesses and cross-sections. Often these two problems

are treated with the same methods. In the development

of compliant mechanisms, topology optimization is

often the first step in the development process. In this

way one gets an idea of the position and connection of

the elastic hinges and can thus generate a first draft of

the compliant mechanism. The geometry and geomet-

ric parameters of the elastic hinges are still unknown.

In the following steps, geometry optimization and

dimensioning can be used to determine these. Thanks

to the advances in 3-D printing, manufacturability of

topology optimized compliant structures has drasti-

cally improved, especially for plastics. For metals,

additive manufacturing methods still need some

improvement in terms of minimum producible feature

size to realize compliant topology optimized struc-

tures, whereas these structures might remain too

challenging for conventional manufacturing. There-

fore, through dimensioning optimized compliant

structures maintain their potential for metals due to

their convenient manufacturability. On the other hand,

while topology optimization for the synthesis of

compliant mechanisms is already well researched

and widely used (Zhu et al. 2020; Zheng et al. 2015),

there are only occasional approaches for geometry

optimization and dimensioning due to the challenges

in modelling. Usually, flexure hinge based devices

developed for MIS are optimized on a trial-and-error

basis. This means that one has to consider a measure to

improve the structural properties and then check

whether this is actually effective. After the adaptation

of the corresponding simulation model, the so-called

virtual twin of the real component, the standard use of

simulation programs enables an analysis of the stress

distribution and other structural properties for static

and dynamic load cases. For the determination of this

characteristic information, the simulation programs

usually use the finite element method (FEM) (Zhang

et al. 2011). However, an automated adjustment of

certain component variables during the trial-and-error

process is not used. For example, Huang et al. (2018)
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investigated the structural behaviour of a snake-like

mechanism depending on the dimensioning of indi-

vidual joints and tried to achieve a constant curvature.

The thickness of the hinges is varied along the

structure. However, the thickness change is not based

on an algorithm and is constant along the structure.

By taking advantage of additive manufacturing,

conventional joint geometries can be evolved into

novel joints. As an example presented by Hu et al.

(2019), the helical flexure joints have the advantage

that the stresses in the structure are distributed more

evenly, thus reducing component fatigue. Krieger

et al. (2017) developed an algorithm that enables the

automated design of flexure hinge based structures,

taking into account empirically measured values such

as the number of fatigue cycles and the tensile strength

of individual hinges. This information is used to

evaluate the optimal geometry for a particular hinge.

The user simply specifies the desired structural

requirements, which are defined by a mass at the

proximal end of the structure and the desired number

of fatigue cycle. An algorithm then checks the fatigue

and tensile strength for different types of geometry to

determine the ideal hinge shape. The monolithic

production of the polyamide hinges is then carried

out by the selective laser sintering process.

1.3 Limitations of state of the art

If the implementation of kinematic systems with the

aid of compliant mechanisms is considered, certain

challenges have to be overcome. Due to the fact that

the kinematics are realized by deformations of a

material, material parameters such as modulus of

elasticity, Poisson’s ratio and yield strength, as well as

stresses and strains must be taken into account more

intensively. The kinematics of the systems can be

described by the already mentioned methods (PRBM,

CCM, FEM, etc.). The more the assumptions made

correspond to reality, the more accurate is the result of

the corresponding method. For example, if stresses

and strains are not distributed evenly among the

flexure elements of a snake-like flexure hinge based

structure in case of a distal loading, a method for

determining kinematics under the constant curvature

assumption would be unsuitable. The previously

mentioned examples show that both the design and

the constructive implementation of snake-like struc-

tures developed for MIS applications are mostly

oriented towards constant parameters. This means

that a kind of standardized flexure hinge geometry is

used to design a continuum flexible mechanism

without considering the corresponding boundary con-

ditions. These results in reduced performance or even

earlier malfunction of structures, since some flexural

elements are exposed to excessive stresses whereas

some are not used to their full capacity.

1.4 Novel approach

In principle, the use of compliant mechanisms offers

some potentials that are currently not being exploited

to the full in the development of flexible instruments

for MIS. The monolithic production of flexure hinge

based structures makes it possible to vary the shape

and dimension of individual hinges without incurring

costs. The resulting design freedom is currently not

being fully exploited, but can have a major influence

on the structural dynamic behaviour of the system. To

be more specific, deformations and resulting stress

distributions can be analysed under defined conditions

(loading, fixing, etc.) and adapted by structural

optimization. In particular, the stress distribution in

the component and the deformation under load can be

adjusted. Since manual input of varying parameters

would be very time-consuming and expensive, an

automated optimization process would make the

process much easier at this point.

Generally, in continuum compliant mechanisms

with serially arranged flexure hinges of identical

geometry, the stiffness or flexibility of the entire

structure is increased to achieve a higher payload or

deformation for a specific surgical task. In this case,

gain in the payload or deformation results in a loss in

the other one. However, it is possible under predefined

boundary conditions to influence the stress distribution

in the individual component and thus increase the

payload without reducing the flexibility of the struc-

ture by dimensioning individual flexure hinges. This

can be done by evaluating the stresses in the area of the

individual hinge and subsequently varying certain

geometric parameters such as the thickness, length or

shape of the hinge. This work deals with the devel-

opment and validation of an automated design opti-

mization method of flexure hinge based structures.

The algorithm used for design optimization uses the

finite element method to calculate the displacements

and stresses of the compliant mechanism.
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Subsequently, geometric parameters (in this case the

thickness) of the flexure hinges are varied in order to

adjust the stress distribution in the component. This

process is iterative and leads to a structure with

optimized flexure hinge geometries.

As for expected advantages of this work, an

automated algorithm would simplify the design pro-

cess of a compliant mechanism and at the same time

positively influence the properties of the structure. A

higher payload with the same flexibility of the

structure would only be one example that would bring

many advantages for minimally invasive surgery.

With the help of a more even stress distribution, a

longer fatigue life of the structure under dynamic

loading conditions can be expected. For the same

reason, it is also possible to influence the curvature of

the structure under load, thus enabling the validity of

constant curvature assumption. This would make the

kinematic calculations more practical. The listed

advantages above will also be validated by experi-

ments under static and dynamic loading conditions.

While doing that it will also be questioned if the

simulation results match with the reality. Apart from

the advantages related to the structure optimization,

another distinguishing advantage for the designer is

the fact that design, analysis and optimization can take

place within the same environment in an automated

way which saves the user time, effort and costs.

2 Implementation

Figure 1 shows how the optimization concept works.

First, the designer should provide the parameters for

the initial geometry. This geometry can virtually be

constructed using a solid geometry modelling tool and

is needed as input data for the Finite Element Analysis

(FEA) of the structure. After the initial FEA, the

designer explores how the initial design deforms under

loading and examines the corresponding stress distri-

bution among the flexural elements. Using this

information, the maximum force, under which the

manipulator starts to plastically deform (or causes

stresses reaching yield strength of the material) is

calculated by an iterative process (where the force at

the distal end of the structure is increased piecewise).

Knowing the maximum permissible force for the non-

optimized structure, the optimization process starts.

The iterative optimization process changes the

geometry of the hinges in a way that a homogenous

distribution of stress on flexure hinges is achieved.

After every iteration, this process provides a new set of

geometrical parameters for every flexure hinge. As

soon as the geometry fulfils the stopping criterion, the

optimization process finishes. This is when the desired

uniform stress range is achieved on each element.

Following the optimization process, the tool numer-

ically calculates the deflection capacity of each flexure

hinge to design the angular stops that constrain their

bending amount to avoid any plastic deformation so

that the optimized structures can get their final shape.

In the following sections, the realization of this

concept will be explained in detail. The optimization

tool is fully implemented in MATLAB (The Math-

Works Inc, Natick, Massachusetts) with the help of

different toolboxes. The implemented functions

include parametric design of structures, adaptive

numerical models for the analysis of generated

geometries, the optimization process, kinematic anal-

ysis and calculations for the angular stops. In order to

generate the solid geometries, SG-Library was used

which is a constructive MATLAB toolbox developed

by Lueth (2015) for spatial modelling of bodies, joints

and gears. SG-Library enables its user to create,

analyse and manipulate surface models in an auto-

mated and parametrized way. For the finite element

analysis, Partial Differential Equation (PDE) Toolbox

was utilized. With PDE-Toolbox it is possible to solve

and analyse linear static problems. The PDE-Toolbox

enables its users to import geometry as mesh or STL

data which means the data transfer between SG-

Library and PDE-Toolbox is easy and fast since there

is no data incompatibility. Additionally, the user does

not need to change environments to create and analyse

geometries. The PDE-Toolbox provides users with a

simple mesh-generator, which creates meshes with

triangular (2D) and tetrahedral (3D) elements. On the

other hand, PDE-Toolbox is only able to solve linear

partial differential equations. Because of this limita-

tion, only the linear elasticity equations can be solved,

and small strains can be analysed. Another limitation

is that only linear elastic materials can be analysed.

Therefore, every material tested in the scope of this

work must be isotropic and linear elastic. Considering

this fact, Ti6Al4V Grade 5 was chosen as material for

its linear elastic properties and comparably higher

elasticity among the metals to achieve more flexibility

for compliant structures.
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2.1 Input parameters for the initial geometry

and FEA

Before performing the first structural analysis, the

initial geometry and the material properties need to be

defined. Figure 2 shows a representative continuum

compliant structure with the geometric input param-

eters. In Table 1, these geometric parameters are listed

with the corresponding nomenclature from the

MATLAB script and explained together with the

material properties. The two reference stress values

sigma_ref_1 (rref ;1) and sigma_ref_2 (rref ;2) listed in

the table are each required for different parts of the

optimization process:

• sigma_ref_1: For an applied force at the free end

of a non-optimized structure, very high stresses

Fig. 1 The optimization

concept of continuum

compliant structures

Fig. 2 The initial geometry

and the geometric input

parameters
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occur in the proximal joint, which decreases with

increasing distance of the joints from the fixed end.

sigma_ref_1 specifies the range at which the stress

values for a given load are to be regulated with the

help of optimization.

• sigma_ref_2: This defines the maximum allow-

able stress in the part. This value is relevant for

correctly designing the angular stops. If, for

example, a high fatigue strength of the structure

is desired, a low allowable stress must be selected.

However, if a large deflection is relevant, the value

should be in the upper stress range. The challenge

here is to find a suitable compromise.

2.2 Working principle of the optimization tool

In order to ensure the correct understanding of the

optimization tool, the individual tasks of each sub-

function are described step by step in the following.

2.2.1 Calculation of the yield force Fmax

After the definition of the initial geometry and the

material properties by the designer, the first task of the

tool is to determine the maximum force the structure

can withstand without having any or minimal plastic

deformation. Therefore, the simulation model

increases the load on the structure in small increments

and performs a simulation after every force

incrementation. Figure 3 shows the Von Mises equiv-

alent stress (VMS) progression among the flexure

hinges during force incrementation. Since the PDE-

toolbox is not able to detect plastic deformations, a

stop criterion must be determined to stop the simula-

tion and the force incrementation. The stop criterion

used for the optimization tool is to compare the

maximum VMS occurring in the structure with the

yield strength of the material. The simulation series

stop, when the toolbox detects, that the maximum

equivalent stress among any of the flexure hinges

higher than the yield strength of the material. The last

applied force is registered as the maximum force Fmax.

In Fig. 4 a visual explanation of this step is provided

by means of a flow chart.

2.2.2 Implementation of the optimization

Here, the algorithm used targets an even distribution

of stress values along the structure by means of

dimensioning. To achieve this, the difference (DrÞ
between the initial stress value (rVMS) of individual

hinges and the desired reference stress value (rref )
needs to be minimized (see the objective function

below). This difference is a function of applied

maximum force Fmax and geometric dimensions of

hinges (length l, width b, thickness h) In this work,

Fmax is always equal to the force leading to the yield

stress in the initial (non-optimized) flexure hinge

based structures. As other equality constrains, length

l and width b were assigned constant values. The

thickness h was chosen as the design variable.

Min Dr Fmax; l; b; hð Þ ¼
rVMS � rref

Objective function

Subject to Fmax � Fyield;nopt ¼ 0 Equality constrains

l� L ¼ 0

b� B ¼ 0

hmin � h� hmax Design variable

The variation of the thickness of individual hinges

takes place again in an iterative process. To be more

specific, if a flexure hinge has a higher stress level than

the (desired) reference stress value (rref ), the thickness
of the flexure hinge will be increased proportionally to

the difference between the measured mean equivalent

Von Mises stress (rVMS) stress along the hinge and the

Table 1 All required input parameters before the start of the

optimization process

Parameter Unit Definition

D (mm) Height of the stiff segments

d_List (i) (mm) Thickness of the respective hinge

z_fk (mm) Length of each hinge

b_fk (mm) Width of the compliant structure

z_s (mm) Length of the stiff segments

r (mm) Corner radius of hinges

gg_max (–) Number of rigid segments

E_Modul (MPa) Elastic modulus (ETi = 110 gpa)

PoissR (–) Poisson’s ratio (tTi = 0.33)

RP02 (MPa) Yield strength (ryield;Ti = 948 MPa)

sigma_ref_1 (MPa) First reference stress

sigma_ref_2 (MPa) Second reference stress
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reference stress. The same logic is also applied for the

case, in which the measured stress is lower than the

reference stress. The thickness of the hinge is

decreased in the same way. Following linear equations

are implemented in MATLAB for dimensioning of

individual hinges:

k ¼ 0; 05

ryield

mm

Pa

h i
ð1Þ

Dh ¼ k � rVMS � rref
� �

mm½ � ð2Þ

hnew ¼ hinitial þ Dh mm½ � ð3Þ

Here k is the optimization factor. The function of

this factor is to transform the stress difference in

Pascal into a unit of thickness in mm. By multiplying k

with the difference between the calculated stress

(rVMS) and the reference stress (rref ), the required

thickness change Dh can be defined. The optimization

is an iterative procedure. After every optimization

step, the toolbox starts automatically a new FEA with

the new dimensions (hnew) obtained by adding Dh to

the previous thickness value (hinitial) and the maximum

force obtained by the first simulation series. The

results of the new FEA are used for the next

optimization, the new stress profile of the flexure

hinges is compared with the stress reference again.

The factor is always constant but the difference

between the stress on the flexure hinges and the

reference value decreases in every step. This iterative

process continues until the maximum iteration num-

ber, that is defined by the user reached or the

difference of the mean equivalent von Mises stress

on each flexure hinge is smaller than the defined stress-

tolerance. The process is explained in the flow chart in

Fig. 5.

As one can expect, more accurate results can be

achieved through certain modifications such as

refining individual iteration steps or reducing toler-

ances. On the other hand, this conflicts with the

required computing time, which also increases with

increasing accuracy of the result. It is therefore

important to be able to assess whether the chosen

settings made lead to an adequate result. For this

purpose, post-processing enables a quick assessment

by creating all the plots necessary for evaluating the

optimization. If one considers the stress distribution

of the non-optimized and optimized structure in

Fig. 6, it becomes clear that the optimization process

was carried out successfully.

Fig. 3 Stress curve of a

non-optimized structure

after nth iteration. The

structure is fixed at

x = 0 mm and the force acts

at x = 19 mm; the

incremental force increase

stops when the maximum

stress value reaches the yield

point RP0:2
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2.2.3 Adaptation of optimized geometries

to kinematic capacity

In this last step of the optimization process to obtain

the final geometry, the user specifies the second

reference stress (that can be the yield strength of the

material), whereupon the component is loaded in such

a way that the maximum occurring stress is again in

the range of this value. Tangent lines are then drawn at

the distal end of the respective deformed hinge and the

angle between the horizontal plane and these tangents

is measured. The user receives information about the

total deflection of the optimized and non-optimized

structure as well as about the deflection of all

individual hinges. In addition, the forces applied to

generate the deformation are indicated. The results

allow an estimation of the stresses occurring under a

certain deflection. Moreover, the user can estimate

how the total deflection of the structure is distributed

among the individual joints. As already mentioned, the

angular stops prevent the excessive stress values in the

structure. Also, in this case, the second reference stress

is used as upper limit. Since the stiffness of each hinge

differs after optimization, a calculation must be

carried out separately for each of them. Here, the

permissible angle is first calculated using the method

described above and then an angular stop is added to

the structure that prevents this angle from being

exceeded. The algorithm of this final optimization step

is shown in Fig. 7. Here, it was assumed that the added

mass by the integration of angular stops has a

negligible influence on the mechanical behavior of

the structure.

As shown in Fig. 8 a fully optimized hinge structure

looks different than the ones used for analysis in

Figs. 2 and 6. Because the angular stops are not

needed to constrain the deformation during the

analysis stage. Moreover, it can be seen in Fig. 8 that

the proximal hinge has higher stiffness with greater

thickness. Therefore, the distance between the angular

stops is much smaller here than at the distal hinge

where the low thickness leads to a higher flexibility.

2.3 Verification of the solver

The PDE Toolbox of MATLAB is not commonly used

to create and solve finite element models. It has certain

limitations, as only linear static analysis can be

performed and only linear elastic material models

can be used. Therefore, it is necessary to validate the

simulations results acquired from PDE Toolbox. To

validate the results acquired from PDE-Toolbox,

ANSYS 19.2 (ANSYS Inc., Canonsburg, Pennsylva-

nia) was used which is a widely utilized software for

linear and non-linear problems of structural mechan-

ics. To increase the significance of the comparison,

five different optimized geometries with 4 flexural

segments were used for comparative analysis in

MATLAB and ANSYS which were varied in

Fig. 4 The algorithm implemented for the calculation of the

yield force Fmax. In this step, a series of numerical problems with

the same geometry and boundary conditions are solved. The

difference between every simulation is force incrementation.

Every simulation has a higher load than the previous one. The

simulations and the force incrementations continue until the stop

criterion is met
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thickness while keeping the length constant and in

length while keeping the thickness constant. Three of

the samples with 0.3 mm initial flexure thickness and

3 mm, 5 mm and 7 mm length. The other two samples

had a constant flexure length of 5 mm, 0.25 and 0.35

initial flexure thickness. As material properties, elastic

modulus of 110 GPa, Poisson’s ratio of 0.33 and yield

strength of 948 MPa were assigned to the geometries.

In PDE-Toolbox there is no solver setting or

manual mesh adjustment. To save computational time

and lower the error, the mesh is manually refined on

the flexure hinges. A coarser mesh is applied in the

angular stops and bulky areas. Therefore, the thickness

of the flexure hinges is discretized with at least 3

elements. In ANSYS 19.2 simulation setup, the direct-

solver is chosen as the solver. The ‘‘large deflection’’

Fig. 5 The optimization

algorithm based on

dimensioning
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option is activated, and other settings are controlled by

the program itself. In Fig. 9 a representative geometry

used for the comparative analysis and the meshing

differences can be seen. ANSYS uses a stronger mesh-

creator, which allows the user to concentrate on

important areas. On the other hand, PDE-Toolbox

does not have any limitations for the maximum

number of elements or nodes.

After pre-processing, both geometries are loaded

with the same force Fmax that is acquired from the

toolbox. To compare the results a path was drawn

between the proximal and distal point of each flexure

hinge. Every path had 50measurement point. The von-

Mises-Stress (VMS) value was read on every point on

each flexure hinge. In Fig. 10, the comparison of the

stress profiles for the most compliant geometry with

0.25 mm thickness is shown, as the deviations reflect

the worst case scenario, since the deformations are the

largest for this geometry. The stress profiles for this

geometry and the other four geometries were found in

good agreement.

As the comparison results suggest, the results

acquired from PDE-Toolbox deliver reliable results

since the specified optimization reference stress is

significantly under the yield strength of the chosen

material. Since this deformation range does not lead to

great deviations resulting from geometric nonlinear-

ities, it can be concluded that developed optimization

can analyze the respective structures reliably.

In order to show the adequateness of the meshing

model, convergence analysis was performed with a

single flexure hinge structure. Ten cases with the same

geometry and boundary conditions but varying mesh

refinement were solved. As seen in Fig. 11, the

increase in the number of DOF’s leads to the

convergence of the model. No singularities are

observed.

3 Validation

In order to validate that the developed optimization

tool provides the expected advantages in reality, two

sets of experiments were conducted under static and

dynamic loading conditions. Before providing

detailed information for both test procedures, the test

specimens will be introduced in the following, since

identical geometries were used for both experiments.

The test samples were fabricated using the geometry

with constant and variable parameters shown in

Fig. 12.

Fig. 6 The stress curve of

the non-optimized structure

(left) is compared to the

stress curve of the optimized

structure (right); the lower

diagrams show the

equivalent stresses in the

three hinges from (left) and

to (right) of the structure

optimization
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As for material, Ti6Al4V Grade 5 was used due to

its high elasticity and homogeneous mechanical

properties to obtain reliable results. Due to the very

small hinge thicknesses, a precise manufacturing

process is required. Therefore the specimens were

fabricated with wire electrical discharge machining. In

order to ensure that the geometric parameters are

within an appropriate tolerance range, the relevant

parameters (in particular joint thickness) are measured

using a digital caliper with a resolution of 10 lm. In

Fig. 7 The algorithm to

adapt the optimized

geometries to their

kinematic capacity
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both experiments, the structural behavior of 10

different geometries was tested; 5 of them non-

optimized and 5 of them optimized for comparison

purposes. The non-optimized variants differ in the

length and thickness of the respective hinges. The

optimized geometries differ with varying hinge thick-

ness along the structure, but otherwise resemble the

original shape. The varying thicknesses are deter-

mined by an iterative process, in which the stresses for

a given load case in each hinge are evaluated and

Fig. 8 The final geometry

of the optimized compliant

structure upon integration of

angular stops

Fig. 9 The representative geometry meshed with ANSYS

(top), with PDE-Toolbox (bottom). ANSYS’ internal mesh-

creator creates an inhomogeneous mesh which allows more

detailed discretization of regions of interests. PDE-Toolbox

meshes homogeneously, therefore regions of interest cannot be

discretized finer than the rest of the structure

Fig. 10 The comparison of

the stress profiles obtained

through ANSYS (blue) and

MATLAB (red) for the most

compliant geometry with

0.25 mm thickness and

5 mm length. (Color

figure online)
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regulated by structural optimization (variation of

hinge thickness), until the stresses in the respective

hinges are within a specified tolerance range around

the reference stress. All samples are made of a thin

Ti6Al4V sheet and therefore have a constant width of

1.7 mm. To provide an overview of the most impor-

tant parameters, the constant parameters are listed in

Table 2 and the varying parameters of the respective

variants in Table 3.

The nomenclature of the test specimens is struc-

tured in such a way that the constant length of the

joints is the first digit. In third place is the information

of the original thickness in tenths of a millimeter and

finally the information whether the specimen has the

optimized or non-optimized hinges (e.g.:

5_0_25_opt). The specimen 5_0_25_opt thus has a

hinge length of 5 mm with an original thickness of

0.25 mm. It is also an optimized joint structure. The

values of the hinge thicknesses for the optimized

structures in Table 3 result for a reference stress of

rref ;1 = 650 MPa. This means that a calculated max-

imum force for the non-optimized structure causes

stresses in the yield strength range

(ryield;Ti = 948 MPa). However, due to a more uni-

form distribution, the same force only leads to

maximum stress values in the optimized structure,

which according to the simulation are around

650 MPa. Due to the manufacturing tolerances, these

values deviate by up to 10% from the values calculated

in the simulation.

3.1 Validation through static loading tests

The FEM-based simulation performs linear static

calculations in its sub-functions. This means that

non-linear effects of large deformations are neglected

and plastic deformation is not considered. Therefore,

the question arises whether the calculations from the

simulation correspond to reality and thus actually

contribute to an optimized structure. Therefore, the

real forces, angles and thus indirectly also the stresses

in the flexure hinge structures should be compared

with the values from the simulation. In addition, it will

be determined how the optimized and non-optimized

structures behave in the plastic region under the same

deflection.

Fig. 11 Convergence analysis to show the adequateness of the

meshing model in MATLAB

Fig. 12 The specimen is

fixed on the right side. On

the left, a modular plug-in

part is attached to which the

weights are later attached in

order to generate a force in

the vertical direction

Table 2 Constant parameters of test specimens

Parameter Definition Value Unit

ltotal Total structure length 33 (mm)

D Total structure height 4 (mm)

lstiff Stiff segment length 1 (mm)

lmodular Modular plug-in length 5 (mm)

lstop Angular stop length 1 (mm)
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3.1.1 Hypothesis

Beside a good agreement of simulation results with the

experimental results, the following findings are

expected from static tests to validate the efficiency

of the developed tool:

• For the loading values leading to the reference

stress value rref ;1 = 650 MPa in the optimized

structure, individual hinges of the optimized

structures will exhibit more uniform curvatures

compared to the non-optimized ones indicating

that the stresses are more evenly distributed along

the optimized structures.

• For the loading values leading to the yield stress

value rref ;2 = 948 MPa in both structures, the

optimized structures will exhibit larger deflection

angles compared to the non-optimized ones with-

standing higher amount of forces.

• For the loading values exceeding the yield stress

value rref ;2 [ 948 MPa, the optimized structures

will exhibit significantly lower plastic deformation

compared to the non-optimized ones under the

exposure of same forces and similar total deflection

angles.

3.1.2 Experimental setup

The measurement equipment consists of a digital

microscope with 9 megapixel resolution (Conrad

Electronic SE, Germany) connected to a computer

via a USB cable. It is aligned by means of a fixture and

does not change its position during the entire

experiment. The image is captured using the image

processing software ImageJ (NIH, Bethesda, Mary-

land). The specimen is placed in a specially designed

and additively manufactured holder and secured with a

screw at the side. Amodular plug-in connection allows

weights of different masses to be attached from the

distal end of the flexure hinge structure. A squared

paper in the background allows a rough estimation of

the instant angular deflection. Figure 13 shows the

most important components of the experimental setup.

3.1.3 Execution and evaluation of the experiment

For the execution of the experiment, the load at the

distal end is gradually increased, so that a weight leads

to a greater bending of the structure. An image is

captured after each step and then assigned to the

applied force. This procedure is repeated with the

optimized hinge structure until the total deflection of

the structure is slightly larger than the deformation

which corresponds to the calculated value for a stress

of 948 MPa from the simulation. Once the maximum

load is reached and an image has been generated, the

weights are removed and a final image in the unloaded

state is generated (Fig. 14). For the non-optimized

specimens, the procedure is then repeated, with the

graduation of the weights and the maximum load

matching that of the optimized specimens. The next

step is to determine the deflection angles of individual

hinges as well as the total angular deflection of the

structure in the image processing software ImageJ.

This software includes a tool for measuring the angle

between a horizontal line and an additional line which

Table 3 Varying

parameters of test

specimens

Specimen Hinge length (mm) Hinge thickness (measured) (mm)

lhinge d1 d2 d3

3_0_2_non_opt 3 0.21 0.21 0.21

3_0_2_opt 3 0.25 0.21 0.16

4_0_2_non_opt 4 0.21 0.21 0.21

4_0_2_opt 4 0.23 0.19 0.16

5_0_2_non_opt 5 0.21 0.21 0.21

5_0_2_opt 5 0.26 0.21 0.16

5_0_25_non_opt 5 0.26 0.26 0.26

5_0_25_opt 5 0.33 0.27 0.20

5_0_3_non_opt 5 0.31 0.31 0.31

5_0_3_opt 5 0.37 0.32 0.22
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is manually set by the user. The angles are measured as

depicted in Fig. 15. Due to the fact that this procedure

enables a relatively exact measurement, the maximum

deviation between measured and actual angular

deflection is anticipated to be less than 0.5� for most

cases. This deviation can be traced back to the manual

placement of the lines to measure the angles and would

not affect interpretation of the results significantly, as

it would always correspond to less than 10% of the

measured angle.

The evaluation provides information about how the

total angular deflection is distributed over the three

hinges of the sample and thus allows conclusions

concerning the curvature along the structure. Further-

more, the total deflection angle can be compared for

the optimized and non-optimized structures.

Fig. 13 Experimental setup

for static experiments: the

computer (1), the digital

microscope (2), the camera

fixture (3), the specimen

holder (4), the modular

plug-in connection (5),

weights (6) and the squared

paper (7)

Fig. 14 Series of images

showing deformation of a

test specimen under

increasing load, the last

picture corresponds to the

load-free fall after removal

of the weights (showing

plastic deformation)

Fig. 15 Procedure for

angle measurement in

ImageJ
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After collecting the data, the information is used to

compare the measured values with the values from the

simulation and to compare the structural behavior of

the optimized and non-optimized specimens. To be

more specific, the following information is analyzed in

more detail and used to determine comparability

between the optimized and the non-optimized

structures:

• Individual deflection angles of the hinges

(a1; a2,a3Þ resulting from total deflection angles

(atotalÞ which correspond to the defined reference

stress value rref ;1 = 650 MPa in the optimized

structure,

• Total yield angles (ayield;nopt; ayield;opt) and respec-

tive loads (Fyield;nopt;Fyield;opt) causing yield stress

rref ;2 = 948 MPa in the optimized and non-opti-

mized structures,

• Total irreversible deflection angles (aps;nopt; aps;opt)
upon unloading as a plastic deformation measure

consequent to the exposure of forces (Foverload)

exceeding the yield stress value rref ;2 [ 948 MPa.

3.2 Validation through dynamic loading tests

In the next set of experiments, fatigue tests will be

used to determine how the structures behave under a

dynamic load. In particular, it will be checked whether

the optimized specimens have a longer durability than

the non-optimized specimens. If this assumption is

confirmed, this also induces the applicability of the

design optimization for dynamic load cases.

3.2.1 Hypothesis

For internal stresses of 650 MPa ± 40 MPa, the

fatigue life for Ti6Al4V is between 100.000 and

250.000 cycles in a strain-controlled fatigue test

(Carrion et al. 2017). If this stress range is exceeded

and stresses of over 700 MPa are obtained, the number

of load changes is reduced to less than 50.000. The

dynamic experiments were designed in a way that

similar fatigue behavior can be obtained from the

specimens. Furthermore, the main expectation from

this experiment was that the optimized test specimens

can withstand more load cycles than the non-opti-

mized ones under the same dynamic loading

conditions.

3.2.2 Experimental setup

The experimental setup is shown in Fig. 16. An

electric motor is connected to a power source to deflect

the test specimens. The rotational movement of the

electric motor is converted into a translational move-

ment by means of an eccentric disc and a movable

beam. At the end of the beam, steel cables are attached,

which are guided via a pulley to the modular plug-in

adapter of the test specimens. A further steel cable

connects the plug-in adapter with the weights. A

fixture is used for the constructive implementation of

the fixation boundary condition from the simulation.

The plug connection is secured with set screws which

eliminate any play. The number of revolutions of the

electric motor is achieved by means of a light barrier,

which is interrupted once per revolution on the motor.

The revolutions are documented by means of a

microcontroller BeagleBone. As soon as a sample

breaks, the corresponding weight falls on a micro-

switch. The number of revolutions is stored individ-

ually for each sample. Setting the initial angles is

performed with the digital microscope and a computer

with corresponding ImageJ software which were also

used in static experiments.

3.2.3 Execution and evaluation of the experiment

For the investigation of the dynamic structural

behavior, identical test specimens were used as in

the static tests. Just as in the static experiments, ten

different geometries were tested here. There were two

identical specimens of each geometry. Both the

constant and the varying dimensions can be recalled

from Tables 2 and 3. In addition to the geometric

parameters, the maximum deflection angle of the

respective structure variants is also varied. Table 4

gives an overview of the angle and the loading type.

Figure 17 illustrates the difference between pulsating

and alternating dynamic loading. If the structure is

subjected to a pulsating loading, the deflection takes

place only in one direction (downwards). In the case of

alternating dynamic loading, the structure is first

deflected in both directions. The first test was

performed with the two variants 4_0_2_non_opt and

4_0_2_opt. As mentioned before, an alternating

dynamic loading was applied here. The reason, why

the alternating loading case was substituted by

pulsating loading will be explained in the discussion
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of the results. In order to ensure the direct compara-

bility of different (initial) thicknesses with a hinge

length of 5 mm were deflected to the same extent. The

periodic load was applied at a frequency of 1.5 Hz.

During the entire experiment, the massmdyn = 101.9 g

(Fdyn max ¼ 1NÞ remained the same for the deflection

of the specimens. During the tests, only the number of

load cycles N up to fatigue fracture was counted. This

information is sufficient to clarify the questions

formulated at the beginning and to prove the

hypothesis.

Before starting the actual tests, it must first be

checked which deflection allows a reasonable number

of load cycles. The permissible stresses for optimized

specimens should therefore be in the range of

650 MPa. The stresses of the non-optimized test

specimens then result from the deflection that the

optimized test specimens show for this stress in the

simulation. In order to achieve the desired deflection,

the specimens are first clamped. The plug-in adapters

are then attached to the corresponding steel cables.

The beam, which converts the rotatory movement into

a translatory movement, is then positioned in the area

of the top dead center. Next, the steel cables are fixed

to the beam by means of screws in such a way that the

test specimens take the desired angular position

adyn max;i under load. In order to trigger the micro-

switch after the fracture of a sample, the orientation of

the mass is then adjusted with the aid of set screws. To

illustrate the initial condition of the test bench

immediately before the test start, the starting position

is sketched in Fig. 18. Depending on how the bottom

dead center is set via the eccentric disc on the electric

Fig. 16 Experimental set-

up for dynamic experiments:

power source (1), the

electric motor (2), the

movable beam (3), the steel

cables (4–7), the pulley (5),

the modular plug-in

connector (6), the weights

(8), the microcontroller

BeagleBone (9), the light

barrier (10) and the micro-

switch (11)

Table 4 Deflection angle and loading type for the dynamic tests

Specimen geometry (opt. and non-opt.) Max. deflection angle Loading type

3_0_2 adyn max;1 ¼ 18 � Pulsating

4_0_2 adyn max;2 ¼ 22� Alternating

5_0_2, 5_0_25, 5_0_3 adyn max;3 ¼ 25� Pulsating
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motor, it is possible to adjust whether the loading will

be pulsating or alternating.

After the starting position has been set, the test can

now be started. To do this, an SD memory card is

inserted into the BeagleBone to store the information

(number of load cycles) and a current of 15 amperes is

set at the power source which corresponds to approx-

imately 90 revolutions per min or 1.5 Hz on the

Fig. 17 The difference

between alternating (top)

and pulsating (bottom)

dynamic loading; F

(adyn max;i) describes the

maximum applied force in

vertical direction, N

describes a cycle

Fig. 18 Starting position of

the test bench immediately

before the start of the

experiment
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electric motor. After completion of a test run, the

number of load cycles can be read from a text file on

the SD memory card. This file must be deleted before

the next test run.

4 Results

4.1 Results of static loading tests

Table 5 lists the first series of the measured values;

namely the deflection angles of individual hinges

(a1; a2, a3Þ for all structure variants with a total

deflection angle (atotalÞ resulting from the simulation

for a reference stress of 650 MPa in the respective

optimized structure. According to these results, it can

be noticed that simulation and experimental results are

in good agreement, as the deviation in the deflection

angles of individual hinges is in the range of ± 0.5�
for about 85% of the cases. The aforementioned

manual measurement accuracy of ± 0.5� might be

responsible for certain amount of this deviation. Apart

from that, a more uniform distribution of the deflection

angles among the individual hinges can be observed. In

general, there is a tendency for the non-optimized

structure to have a kind of inflexion point at the first

hinge indicating an accumulated stress concentration

due to having the largest lever arm from the loading

point. It can be inferred from the table that the proximal

hinge bears up to 55% of the total deflection angle. On

the other hand, a more balanced distribution was

observed in the optimized structure, whereas the distal

hinge was the most deflected one bearing up to 45% of

the total deflection angle. Figure 19 helps visualizing

the difference in the angle distribution between the

optimized and the non-optimized samples.

In order to assess further advantages resulting from

the optimization, the total deformation angles at the

maximum permissible force exposure were analyzed

and a comparison between optimized and non-opti-

mized specimens is provided. For this purpose, forces

(Fyield;nopt;Fyield;opt) are calculated in the simulation

that lead to a maximum stress of 948 MPa in

both structures. This value corresponds to the yield

strength of Ti6Al4V. The angular deflections

(ayield;nopt; ayield;opt) resulting from these forces during

the measurements are then compared between the non-

optimized and optimized structures. The results of

these measurements can be found in Table 6. It can be

concluded from the results that the optimized speci-

mens can withstand a higher force and at the same time

allow a larger maximum deflection. A value increase

between 7 and 24% for the maximum force can be

observed, as the stiffness of the structure decreases.

Similarly, a value increase between 6 and 19% for the

maximum total deflection angle can be observed.

Table 5 Simulation and

experimental results for

deformation angles of

individual hinges of the

optimized and the non-

optimized specimens at a

reference stress of 650 MPa

in the optimized structures

Specimen Total deflection angle Deflection angle of individual hinges

atotal a1 a2 a3

3_0_2_opt (sim) 28.2� 6.8 8.6 12.8

3_0_2_opt (exp) 7.2 8.2 12.8

3_0_2_non_opt (exp) 13.9 9.1 5.2

4_0_2_opt (sim) 34.9� 9.6 11.4 13.9

4_0_2_opt (exp) 9.9 10.9 14.1

4_0_2_non_opt (exp) 19.4 11.1 4.4

5_0_2_opt (sim) 41.1� 12.6 15.1 13.4

5_0_2_opt (exp) 13.0 14.9 13.2

5_0_2_non_opt (exp) 23.7 13.1 4.3

5_0_25_opt (sim) 33.7� 8.3 10.7 14.7

5_0_25_opt (exp) 8.7 11.6 13.4

5_0_25_non_opt (exp) 17.7 11.3 4.7

5_0_3_opt (sim) 28.7� 7.2 8.1 13.4

5_0_3_opt (exp) 7.0 8.4 13.3

5_0_3_non_opt (exp) 13.2 10.1 5.4
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In the last part of this experiment, the plastic

deformation occurring in both optimized and non-

optimized structures under the exposure of same

forces was investigated. The stress state of the

optimized specimens was slightly above the yield

point immediately before complete unloading. The

concentrated stresses in the non-optimized specimens

were higher. This could be confirmed particularly by

the permanent deformation of the test specimens after

complete unloading (Fig. 20). The permanent deflec-

tion angles of all specimens upon unloading are shown

in Table 7. The assumption that the optimized struc-

tures will exhibit significantly lower plastic deforma-

tion compared to the non-optimized ones can be

confirmed with these results.

4.2 Results of dynamic loading tests

Table 8 shows the number of load cycles for all

relevant specimens rounded to thousands. Both the

maximum deflection and the load type are also given.

Due to the small number of test specimens, the results

are considered individually. There is no calculation of

a mean value. Although the amount of data collected is

very small, the relevant results of the test specimens

subjected to pulsating dynamic loading are consistent

and unambiguous. The number of average load cycles

of optimized specimens was between 50 and 100%

higher than that of non-optimized specimens. As

Fig. 19 Comparison of the curvature profile between a non-optimized (left) and an optimized (right) test specimen at a reference stress

of 650 MPa; specimen left: 5_0_2_non_opt, specimen right: 5_0_2_opt

Table 6 Maximum

permissible forces and total

deflection angles for the

optimized and the non-

optimized specimens

Specimen Fyield;nopt (N) Fyield;opt (N) ayield;nopt (�) ayield;opt (�)

3_0_2 0.86 1.07 32.2 36.7

4_0_2 0.80 0.97 38.7 46.2

5_0_2 0.70 0.87 43.3 45.9

5_0_25 1.0 1.21 36.5 40.0

5_0_3 1.44 1.54 36.0 39.1

Fig. 20 Plastic deformation after overloading; non-optimized specimen left: 5_0_25_non_opt, optimized specimen right: 5_0_25_opt

Table 7 Irreversible deflection angles of the optimized and

the non-optimized specimens under the exposure of the same

forces leading to stresses exceeding yield strength

Specimen Foverload (N) aps;nopt (�) aps;opt (�)

3_0_2 1.47 6.3 2.0

4_0_2 1.47 4.7 2.4

5_0_2 1.28 4.3 1.7

5_0_25 1.96 5.8 0.7

5_0_3 2.16 3.8 0.2
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already mentioned, the deflection of the test specimens

with a hinge length of 5 mm was performed with a

maximum angle of 25�. The bar chart in Fig. 21 shows
that the number of load cycles is reduced with

increasing (initial) hinge thickness. This was expected

since the same amount of deflection causes higher

stresses in the stiffer structures which results in a

reduced durability.

5 Discussion

With the conducted experiments, the following advan-

tages of the developed optimization tool could be

validated:

• The developed method results in a more uniform

curvature along the structure that indicates more

uniform stress distribution along the structure. The

bearable loads and themaximumpermissible deflec-

tion angles increase significantly for the optimized

geometries.

• For the loading cases leading to stresses exceeding

the yield strength of the material, optimized

structures exhibit less plastic deformation than

the non-optimized ones.

• The optimization leads to an improved durability

with up to 100% increase in the load cycles for

pulsating dynamic loading conditions. This

improvement could not be proven for the alternat-

ing dynamic loading conditions.

Table 8 Number of

achieved load cycles for all

test specimens

Specimen geometry adyn max (�) Loading type #N (9 103) non_opt #N (� 103) opt

3_0_2 (1) 18� Pulsating 30 45

3_0_2 (2) 32 47

4_0_2 (1) 22� Alternating 12 8

4_0_2 (2) 13 12

5_0_2 (1) 25� Pulsating 27 57

5_0_2 (2) 34 67

5_0_25 (1) 28 49

5_0_25 (2) 34 60

5_0_3 (1) 23 38

5_0_3 (2) 26 38

Fig. 21 Comparison of the achieved load cycles for all test specimens with 5 mm hinge length
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Despite the limitation that only linear static analysis

can be performed in PDE-Toolbox, the abovemen-

tioned advantages could be validated for relatively

larger deflections offered by the resilience of

Ti6Al4V. The reliability of the results was also

examined by performing comparative analysis in

ANSYS. Adequateness of mesh refining in PDE-

Toolbox was verified using convergence analysis.

The optimization tool is also able to perform its

algorithms for more complex geometries. However,

the geometries demonstrated in this work were kept

simple in order to limit the manufacturing complexity

and costs to a reasonable level.

Whereas topology optimization is very promising

for realizing complex geometries with additive man-

ufacturing methods, the developed optimization

method based on dimensioning is particularly useful

for miniaturized structures to be manufactured with

conventional methods. Additive manufacturing tech-

nology is yet not in the desired level to realize

miniaturized compliant structures due to the limita-

tions regarding minimum producible feature sizes

(wall thickness, minimum hole diameter etc.) (Coe-

mert et al. 2017b).

Besides these advantages, the optimization tool

currently has the limitation that it cannot use non-

linear material models. Especially if much larger

deflections are expected from snake-like structures

with high dexterity requirements, use of non-linear

materials such as superelastic nitinol become indis-

pensable. Therefore, future implementation of a solver

which enables the use of non-linear materials would be

very crucial to increase applicability of the tool.

In the following, the potential underlying causes

will be discussed why the constant curvature behavior

and improvement in the fatigue behavior for alternat-

ing loading could not be validated. In the simulation,

the optimization process only takes place for the area

of hinge structure. This means that the constructive

implementation of the clamping and the exact method

of force exposure in the real loading case are not taken

into account. In order to reduce the costs of the test

specimens in particular, a modular plug-in part was

designed, which was later used to fasten the weights.

This constructive conversion led to an enlarged lever

arm, which increased the moment at the hinges by a

not negligible factor compared to the simulation.

Figure 22 demonstrates the relevant variables. In the

experiments, the influence of the enlarged lever arm

mainly affected the deformation of the joints of

optimized structures. Particularly in the hinge at the

distal end of an optimized specimen relatively large

angles could be detected which were not predicted by

the simulation. The reason for this observation could

have the following causes:

• The lever arm, which in combination with the force

causes a moment at the distal hinge, is more than

doubled in all specimens for this hinge.

• The hinge at the distal end of an optimized

structure is usually the thinnest and therefore more

flexible than other hinges. This leads to a partic-

ularly high sensitivity to changed moments.

Table 9 shows the angles resulting from the orig-

inal simulation for the geometry 3_0_2_opt at

650 MPa and compares these with the measured

values for the same deflection. In order to check

whether the changed load case in the experiments

actually led to the deviations of the angles, a further

simulation was carried out. Here the load case was

adapted to the real conditions. The newly calculated

simulation values confirm the assumption that the

enlarged lever arm is the cause of for the deviating

results in the experiment. In order to achieve a

constant curvature, either the load case in the simu-

lation must be adapted to the real boundary conditions

or vice versa. Ideally, this would result in a uniform

angular distribution for the reference stress defined in

the simulation.

If we go back to the results of the dynamic tests

and review the results for the alternatingly loaded

specimen geometry 4_0_2 in Table 8, it can be seen

that the optimized samples failed earlier or around

the same cycle with the non-optimized samples. If

we look at the configuration of the alternating

loading system, it can be assumed that during a

cycle undesired forces, moments and stresses occur

in the test specimen. The reason for this assumption

is the fact that the rope and thus the rope tension is

not vertical, but has a variable inclination with

respect to the vertical axis. In order to prevent this

phenomenon and bring the configuration closer to

the simulation conditions, the remaining test spec-

imens were subjected to pulsating loading. As it can

clearly be seen in Table 8, this measure has led to

more univocal results.
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6 Conclusion

In order to maximize the benefits of minimally

invasive surgery and extend its application to wider

spectrums, there is a need for small and strong flexible

surgical instruments, since rigid instruments some-

times are too limited in terms of reachability in

complicated anatomies. Continuum compliant designs

have high potential for such prospective flexible

instruments thanks to their monolithic structure

enabling miniaturized sterilizable structures. In order

for such designs to fulfill the requirements of the

surgical intervention in terms of flexibility-stiffness

trade-off and durability, efficient designs are essential.

Although many research groups propose design solu-

tions based on continuum flexure hinge based struc-

tures, design methods lack consideration of how

internal stresses are distributed along the structure

under certain loading and deflection conditions and

resulting negative effects on the system performance

and durability. Starting from this, we developed a

design optimization tool for continuum flexure hinge

based structure, which incorporates automated design,

analysis and optimization of structures in a single

environment.

The conducted validation experiments proved that

the developed optimization tool increases the perfor-

mance of continuum compliant structures in terms of

maximum bearable force and maximum deflection

angle. Additionally, more uniform stress and stress

distribution and correspondingly increased fatigue life

were proven by means of experiments.

For future work, modeling and integration of

nonlinear materials such as superelastic nitinol into

the developed optimization tool can greatly enhance

its applicability, since such materials are the most

suitable for such applications due to their high

deformability.
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