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ঈOh, the depth of the riches of the wisdom and knowledge of God!
(...)
For from him and through him and for him are all things.
To him be the glory forever! Amen.উ

— Romans 11:33,36, New International Version
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1
Introduction

Many mechanical systems require power to operate. Static balancing of the forces acting on the
system can reduce the operating power. A common way of static balancing is to introduce springs to
the system, that store and release energy of the system as strain energy. One essential feature for
static balancing is obtaining the right force-deflection curve of the spring to compensate for undesired
forces to get energy free motion, which in many systems largely comes down to balancing the static
gravity load [1]. To achieve this, the force deflection behaviour of the balancing mechanism should
have a specific behaviour counteracting the behaviour of gravity acting on the mechanism, resulting in
a constant energy state in the system. Radaelli identified fifteen unique (nonlinear) force-displacement
curves and corresponding energy graphs [2].

In figure 1.1, a pendulum and its force-deflection behaviour is shown as an example, as well as the
required balancing force-deflection behaviour. The static gravity load is a function of 𝜃, −𝑚𝑔𝑙 sin𝜃,
so to balance this, a force generator with a force-deflection behaviour of 𝑚𝑔𝑙 sin𝜃 is needed. This
function has two requirements: it needs to (I) follow a sinus-curve (sin𝜃), and (II) have the right
magnitude (𝑚𝑔𝑙).
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Figure 1.1: Balancing mechanism

A practical well-known example of a weight-balancing mechanism is the Anglepoise desk lamp
1. In this design, balancing is achieved by traditional helical springs. More recently, compliant shell
mechanisms have shown to be a valuable addition to balancing mechanisms and force generators
[3–5]. Compliant shell mechanisms are defined by Radaelli as ‘spatially curved thin-walled structures
able to transfer or transform motion, force or energy through elastic deflection’ [2]. A tape-spring,
defined as a single-curved shell, is one of the basic possible shell geometries. Tape-springs can be
1https://www.anglepoise.com/
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2 1. Introduction

used for different applications, such as hinges in deployable space structures [6], as force generators
in a folded tape-loop configuration [7] or in arm support systems [5]. When a tape-spring is folded, it
exhibits first a high bending moment after which it buckles at a certain location along the length. At
this buckling location, local flattening of the transverse curvature takes place, after which the bending
moment reduces significantly. This buckling behaviour can be used as a design element in compliant
shell mechanisms to achieve a specific force-deflection behaviour. Research on tailoring the shape of
the force-deflection curve (requirement I) has been successfully done, however, the energy storage
(requirement II) in a tape-spring is limiting for some applications [5]. In order to increase the possible
applications of this shell geometry, the energy storage has to be enlarged.

The energy that can be stored in a tape-spring is limited by material yielding. In conventional
springs, the energy storage can be increased by placing multiple springs in parallel. This method
can be applied to tape-springs as well, however, since tape-springs have a complex three dimensional
buckling behaviour the resulting behaviour might not be evident. The tape-springs can be placed on
top of each other, resulting in a stack of tape-springs.

The practice of stacking tape-springs is mentioned briefly in literature, without being the main topic
of research. Walker and Aglietti [8] tested multilayer tape-springs experimentally; Yang et al. [9]
study a tape-spring hinge combining opposite and equal sense bended tape-spring in a single layer
tape-spring and a double tape-spring configuration; Cook and Walker [10] mention a doubled tape-
spring configuration; and lastly Lee et. al [11] study the attenuation of the deployment of a tape-spring
hinge, by adding a shape memory alloy layer between two stacked tape-springs

These studies show the possibilities of stacking for energy increase. However, a clear concise
overview of the potential of this approach is lacking. This brings us to the research objective of this
thesis:

Increase the energy storage in tape-spring mechanisms by stacking multiple tape-springs

Regarding the boundary conditions, a planar approach is taken, such that a limited set is possible.

Thesis outline
This thesis consists of five chapters. Chapter 2 consists of a paper that presents a theoretical approach
to stacking of tape-springs, and studies the potential of energy storage using analytical functions of
tape-spring strain energy and deformation behaviour. The goal of this simplified approach is to un-
derstand the potential of energy increase through stacking, and subsequent material considerations,
without taking practical considerations in account yet. This creates context for the next chapter, in
which a more specific configuration is further worked out.

Chapter 3 consists of a paper with a simulation and experimental approach on energy increase in
tape-springs, considering a specific configuration of boundary conditions, comparable to an arm support
system. The goal of this paper is to verify the energy storage increase for a practical implementation of
a stack of tape-springs. The strain energy distribution in the material and the resulting force-deflection
behaviour is studied in a finite element shell model in MATLAB. The force-deflection behaviour of a
stack of two tape-springs is experimentally validated, and compared to the force-deflection behaviour
of the individual tape-springs.

Chapter 4 contains the general discussion of the findings for both the theoretical, as well as for the
simulation and experimental approach to the stacking of tape-springs.

The main findings are highlighted in chapter 5. Some additional information on this thesis is added
in the appendices.
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Abstract

Tape-springs are single, constant curved thin-walled struc-

tures, that exhibit interesting force-deflection behaviour

when folded. This tape-spring behaviour can be tailored,

enabling their use as specific force generators. However, en-

ergy storage in a single tape-spring is limited. This study

uses a theoretical framework to investigate the potential for

energy storage increase by stacking tape-springs, defined as

the practice of placing tape-springs on top of each other in

parallel. The energy storage in a unit volume is studied, and

the energy storage for different materials is compared for

single and stacked configurations.

The materials polycarobnate and spring steel are com-

pared as example. It was found that in an ideal situa-

tion, with continuous increments in material thickness, an

increase in energy storage of factor 5.59 is possible for poly-

carbonate and for spring steel an increase of factor 33.6.

When considering discrete increments 88% and 79% of this

ideal energy storage increase can be achieved, for polycar-

bonate and spring steel respectively.

A general material index is derived which can be used

to determine the most suitable material to maximize energy

storage. This index is derived for a single tape-spring and

a stack of tape-springs. These two indices contradict each

other, implying that materials such as polymers and elas-

tomers are more suitable for maximizing energy in a single

tape-spring, while spring steel is more suitable for maximiz-

ing the energy storage in a stack of tape-springs.

Nomenclature

α subtended angle

ν Poisson’s ratio

σy yield stress

θ fold angle

cm material constant

D flexural rigidity

E Young’s modulus

L length tape-spring

R radius tape-spring

R∗,r(β) fold radius

s length of the fold

t thickness

U potential strain energy

1 Introduction

Compliant mechanisms (CM) transfer of transform mo-

tion, force or energy through elastic deformation, having ad-

vantages over rigid-link mechanisms by increased precision,

reliability, and reduced wear, weight and maintenance [1].

Planar CM are extensively investigated, while spatial CM are

gaining interest. Compliant shell mechanisms are an exam-

ple of such spatial CM, and are defined by Radaelli as “spa-

tially curved thin-walled structures able to transfer or trans-

form motion, force or energy through elastic deflection” [2].

A tape-spring can be considered as a basic shell element,

having zero longitudinal and constant transverse curvature.

The folding behaviour of a tape-spring is relatively well un-

derstood, very stiff before but compliant after buckling. A

tape-spring can, for example, function as a hinge [3], deploy-

able structure [4], or force generator in a folded tape-loop

configuration [5].

A standard tape-spring has a constant fold radius and

moment after buckling, and an analytic equation for the

strain energy in the bent region is derived by Seffen [6]. A

rod model to study the folding of tape-springs is proposed by

Guinot et al. [7] and is used to study the buckling behavior

of a tape-spring [8]. This knowledge can be used to tailor the

force-deflection behaviour [5]. A drawback of tape-springs is

the limited energy storage and subsequent force magnitude.

For this shell geometry to be more useful as force generator

(e.g. in human-assistive devices), the energy storage capacity

needs to be increased.

Analogous with conventional helical springs that can

be placed parallel to increase stiffness, tape-springs can be

placed parallel as well. This study uses a theoretical frame-

work to investigate the potential for energy storage increase

by stacking, defined as the practice of placing tape-springs

on top of each other. This is done by studying a unit volume,

comparing the energy storage for different materials in single

and stacked configurations.

1



Firstly, the theoretical equations of energy are intro-

duced and the unit volume and its boundaries are described.

Subsequently, the results of the comparison are shown. In the

discussion of the acquired results, a generalization of mate-

rial indices is made, which can be used to optimize for both

stacked and single tape-spring configurations. This is fol-

lowed by a description of assumptions and consequent limi-

tations of the approach. Lastly, a brief summary and general

conclusion are given.

2 Method

2.1 Equations of energy

The potential strain energy U for a fold in a tape spring

without twist is given by

U =
αD

2

∫ θ/2

−θ/2

[

R

r(β)
+

r(β)

R
±2v

]

dβ (1)

with subtended angle α, flexural rigidity D = Et3/12(1 −
v2), fold angle θ, tape-spring radius R, and fold radius r(β)
[9, 10]. The plus-minus sign is for opposite or equal sense

bending, respectively. This equation does not take the energy

in the transition regions into account. According to De Jong

[9], the fold radius r(β) can be approximated with a constant

radius R∗ when the subtended angle α is larger than 100◦,

and with the assumption that R∗ = R, for which a maximum

difference in calculated energy is only 0.32%, the equation

can be simplified to

U = D(1± v)αθ (2)

To prevent plastic deformation of the tape-spring, the

radius and thickness should be limited, according to the fol-

lowing equation [9]

t <
2σy(1+ν)

E
√

3
R (3)

2.2 Case study - unit volume

To get an idea of the improvement in energy storage by

stacking, a unit volume of unit width x is studied. In figure 1

a cross-section is shown of the unit volume. In this volume,

two tape-springs are shown, both with a subtended angle α of

180◦, sharing the same circle centre. The outer tape-spring is

considered the first tape-spring of the stack. The next tape-

springs are placed directly next to the previous tape-spring,

so Ri+1 =Ri−ti. with Ri and ti being the radius and thickness

of tape-spring i, respectively. To simplify the approach, no

contact or interplay between the individual layers is assumed,

which is in line with the findings of Walker and Aglietti [11]

and Lee et al. [12].

In this chapter, two different materials are studied and

compared: spring steel (material number 1.4310), and poly-

carbonate. Both are considered to be good candidates for

Fig. 1: Cross-section of unit volume with unit width x, con-

taining two tape-springs with radii R1 and R2, and subtended

angles α = 180◦

compliant shells, as steel does not suffer from creep and

stress relaxation under normal conditions and polycarbon-

ate has a high volumetric elastic energy storage density and

is easily formed. The yield strength σy, Young’s modulus E,

and Poisson’s ratio ν are:

Spring steel: σy = 1400MPa, E = 210GPa, ν = 0.3
Polycarbonate σy = 72.0MPa, E = 1.79GPa, ν = 0.37

2.3 Length change

As the fold radius differs per layer, the tape-springs

translate with respect to each other at the free sliding end

of the tape-spring during bending, as shown in figure 2. The

length of the fold s is defined as s = θR∗, resulting in a rel-

ative change in length ∆L = ∆s = θ(R∗
1 −R∗

2). Using the as-

sumption that the fold radius is equal to the tape-spring ra-

dius, and Ri+1 = Ri−ti, and substituting the maximum thick-

ness as defined in equation 3, this gives

Ri+1 = Ri − ti = Ri −
2σy(1+ν)

E
√

3
Ri

= Ri

(

1− 2σy(1+ν)

E
√

3

)

= Ri(1− cm),

(4)

with material constant cm =
2σy(1+ν)

E
√

3
. Generally, it can be

written as

Rn = Ri(1− cm)
n−i (5)

The relative length change between two adjacent layers i and

i+1 is ∆Li,i+1 = θ(Ri −Ri(1− cm)) = θRi (1−1(1− cm)) =
θRicm. Generalizing this, using Rn = R1(1− cm)

n−1, results

in

∆L1,n = θ
(

R1 −R1(1− cm)
n−1
)

= θR1

(

1−1(1− cm)
n−1
)

(6)

2



Fig. 2: Deformation of a stack of two tape-springs

Since the assumption that the fold radius is equal to

the tape-spring radius does not hold with a maximum dif-

ference of 7% [9], there is an error in the calculation of

the relative change in length. The relative change in length

varies linearly with the change in radius. If the fold radius

is 7% bigger than the tape-spring radius (R∗ = 1.07R), this

would result in 7% bigger length change (∆L = θ(R∗
1−R∗

2) =
1.07θ(R1 −R2)).

2.4 Energy storage

Equation 2 gives the potential strain energy in a tape-

spring fold. Since the increase in stored energy is studied,

the ratio of the stored energy in a stack of tape-springs and

a single tape-spring is more interesting than the actual stored

energy. Equation 2 describes only the strain energy in the

fold, and not in the transition region. The energy in the tran-

sition region is a certain percentage of the total stored energy,

which is dependent on subtended angle α [9]. By studying

the ratio between a stack of tape-springs and a single tape-

spring, both having a constant subtended angle α = 180◦ and

the same fold angle θ, this problem is also eliminated. When

stacking one material, the resulting ratio is

Ui

U j

=
Di(1± vi)αiθi

D j(1± v j)α jθ j

=
Di

D j

=
Eit

3
i

12(1−ν2
i )

12(1−ν2
j)

E jt
3
j

=

(

ti

t j

)3 (7)

Using the maximum allowable thickness, as defined in

equation 3, the thickness is proportional to the radius with the

material constant cm. Using this, and substituting equation 5

gives

Ui

U j

=

(

Ri

R j

)3

=
(

(1− cm)
i− j
)3

(8)

When calculating the maximum energy storage increase in

a stack of tape-springs compared to a single tape-spring in

the same volume, the sum is taken of the ratio defined in

equation 8 with i = 1,2, ...,n and j = 1, for n → ∞

n→∞

∑
i=1

Ui

U1
=

n→∞

∑
i=1

(

(1− cm)
i−1
)3

=
(1− cm)

3i −1

(1− cm)3 −1

=− 1

(1− cm)3 −1
for |1− cm|< 1

(9)

This implies that materials with a small value for cm can have

a greater increase in energy storage when stacked relative to

an unstacked configuration.

2.5 Ideal vs. discrete thicknesses

For equation 5, the thickness for each layer is maxi-

mized to the value before it starts yielding. This results in

thicknesses that would not be readily available from stock.

After studying the energy storage using these ideal thick-

nesses, the energy storage is also studied using sheet thick-

nesses which are available from stock. The discrete sheet

thicknesses used are:

Spring steel: 0.05, 0.075, 0.10, 0.15, 0.20, 0.25, 0.30,

0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 1.00, 1.10, 1.20, 1.30,

1.40, 1.50 [mm] [13];

Polycarbonate: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 [mm] [14, 15].

3 Results

In figure 3, the radius of each layer i of the stack, Ri, is

shown, normalized with the radius of the outer tape-spring

R1. This plot follows the function (1− cm)
i−1, as shown in

equation 5. The radius of the polycarbonate tape-springs de-

crease faster, as the thickness of the layers are greater. This

results in less possible layers per volume for polycarbonate.

In figure 4, both the energy storage in a single tape-

spring and the total energy storage in a stack of tape-springs

are shown, up to a stack of 25 tape-springs. The figure shows

the energy storage for both spring steel and polycarbonate,

for the optimal case with continuous thicknesses as well as

for the realistic case with discrete steps in thicknesses. The

initial radius R1 is defined as R1 = 0.15716 m such that the

maximum thickness of polycarbonate according to equation

3 t1 is exactly equal to t1 = 10mm. This way the outer tape-

spring maximizes its energy storage.

In figure 4, the following variables are used:

Ui,Umax, and Ri. Ui indicates the strain energy in a single

tape-spring with index i, which is numbered from the out-

side to the inside. The outer tape-spring of a stack, being the

biggest and storing the most strain energy, is referred to as

tape-spring 1 with strain energy U1. Umax denotes the max-

imum strain energy that is stored in a single polycarbonate

tape-spring. The total stored strain energy of a stack of tape-

springs is achieved by summing all individual strain energies

3
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Fig. 3: The relative radius of tape-spring i compared to the

outer tape-spring, Ri
R1

.

Ui of tape-springs i = 1, ...,n. Lastly, Ri gives the radius of

tape-spring i, so the outer tape-spring has the biggest radius

R1.

In figure 4a, it can be seen that the energy storage in a

single tape-spring for spring steel is only 48% of the energy

storage in a polycarbonate tape-spring for the outer tape-

spring (Ri = R1).

Figure 4b shows the total energy stored in a stack, nor-

malized with the energy storage in the outer tape-spring for

that specific material, as a function of the amount of tape-

springs. It is clear that total amount of energy converges to a

certain limit value. This value can be calculated with equa-

tion 9, and results in a 5.59 and 33.6 times higher energy

storage for polycarbonate and steel, respectively, compared

to the initial stored energy for the outer tape-spring. The

solid lines, indicating the non-continuous thicknesses, have

a lower limit value. These are 4.92 and 26.5 for polycarbon-

ate and steel, respectively. This results in a ratio between the

realistic stacking energy increase and the ideal stacking en-

ergy increase for polycarbonate and steel of 4.92
5.59

= 0.88 and
26.5
33.6 = 0.79, respectively.

4 Discussion

The maximum energy storage in a single-tape spring is

higher for polycarbonate than for spring steel. The material

index that has to be optimized to get the maximal energy

storage U in a single tape-spring with a specific geometry

can be derived from equation 2 and 3

max(U(σy,E)) = max

(

σ3
y

E2

)

(10)

When maximizing energy storage in a stack of tape-springs,

equation 9 has to be maximized. This results in the material

index

max

(

n→∞

∑
i=1

Ui(σy,E)

U1(σy,E)

)

= max

(

E

σy

)

(11)

These two indices contradict each other. Therefore, poly-

mers and elastomers are more suitable for maximizing en-

ergy storage in a single tape-spring, due to their relatively

high yield strength and low Young’s modulus, while spring

steel is more suitable for maximizing energy storage in a

stack of tape-springs, since they can be stacked more com-

pactly.

The amount of steel tape-springs needed in a stack, in or-

der to have a higher energy storage than a single polycarbon-

ate tape-spring, is three. For three stacked steel tape-springs,

the energy storage will be higher, but the overall thickness

of the stack will be smaller than the single polycarbonate

tape-spring. This shows, that if the space is limited, the en-

ergy storage capacity of a stack of spring steel tape-springs

is more promising.

One major limitation in the approach is that no interac-

tion between layers is assumed. Interactions could for ex-

ample be sliding friction between layers or forces acting per-

pendicular to the tape-spring surfaces, due to unequal defor-

mation. Currently, a constant fold radius is assumed, equal to

the tape-spring radius. Besides the impact on the energy stor-

age, this also could influence the force-deflection behaviour,

which can be crucial in a force generator (e.g. in [5]). In

the described case study, the subtended angle α is fixed at

180◦. Bigger subtended angles are possible, but can result

in self-contact during folding. Smaller subtended angles will

work to some extent, but if made too small, the tape-spring

will act more and more like a leaf spring, with a distributed

deformation, as opposed to a locally deformed fold.

Regarding the unit volume, this is determined in the un-

deformed state to have a certain width. However, when the

tape-springs deform, the width of the configuration will in-

crease, as flattening will occur throughout the fold region.

If the tape-spring becomes completely flat, the width would

become the length of the arc, αR.

For determining the maximum energy storage increase,

no limit is considered on the size of a tape-spring. This

means that the radius of a tape-spring can be made arbitrary

small in the optimal case. However, the smallest tape-springs

would be very hard to produce, so the actual limit value of

energy increase in stacks will be lower.

Lastly, the sliding boundary conditions for each separate

layer in a stack are assumed to be possible. However, in real-

ity it would be impossible to have a perfectly sliding end for

each tape-spring layer. It is interesting to investigate what

happens when the length change of one layer with respect

to the other is not possible. This can be achieved by con-

straining all tape-spring ends in one (sliding) end-block, but

it is also interesting to include a different, more elastic ma-

terial in between the different layers, resulting in a sandwich

composite sheet material. This could account for the length

change, and subsequently store energy due to this longitudi-

nal translation.

5 Conclusion

First, an overview of the theoretical descriptions of tape-

spring behaviour is presented. Using this as a framework,

4
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(a) The fraction of stored strain energy in a single tape-spring

compared to the maximum stored energy in the outer tape-

spring, (Ui/Umax), as a function of the radius of the tape-

spring, (R1/Ri).
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0

5
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Total energy storage increase

Steel (optimum)

Steel (discrete)

PC (optimum)

PC (discrete)

(b) The total stored energy in a stack of tape-springs as a fraction

of the energy stored in the outer tape-spring, ∑n
i=1 (Ui/U1), as a

function of the amount of tape-springs, n.

Fig. 4: The stored energy in single and stacked tape-springs are shown for both spring steel (blue) and polycarbonate (red).

The dotted lines show the optimum, which can be achieved if all material thicknesses are considered. The solid lines indicates

the energy storage in (the layers of) a stack of tape-springs when materials with discrete thicknesses are considered.

the theoretical energy increase in a stack of tape-springs is

determined with respect to a single tape-spring. It was found

that in an ideal situation an increase in energy storage of fac-

tor 5.59 is possible for polycarbonate and for spring steel

an increase of factor 33.6. When considering discrete incre-

ments in material thicknesses, 88% and 79% of this ideal

energy storage increase can be achieved, for polycarbonate

and spring steel respectively. These results show that spring

steel is more suitable for stacking than polycarbonate, and a

general material index is derived which can be used to de-

termine the most suitable material to maximize energy stor-

age. This index is derived both for the situation of a stacked

tape-springs as well as for a single tape-spring. These two

indices contradict each other, implying that materials such

as polymers and elastomers are more suitable for maximiz-

ing energy in a single tape-spring, while spring steel is more

suitable for maximizing the energy storage in a stack of tape-

springs.
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Abstract

Tape-springs are single, constant curved thin-walled struc-

tures that exhibit interesting force-deflection behaviour when

folded. This behaviour can be tailored, enabling the use of

tape-springs as specific force generators. However, energy

storage in a single tape-spring is limited, due to material

yielding.

This study uses a simulation and experimental approach

to investigate the potential for energy storage increase by

stacking tape-springs, defined as the practice of placing

tape-springs on top of each other in parallel. A practical

configuration of a stack of tape-springs is considered, with

the ends of each layer constrained with respect to each other.

A simulation approach for parallel tape-springs based on the

superposition principle is proposed and used to study the ef-

fect of stacking on the strain distribution.

The simulations show that the energy in a system of two

closely placed tape-springs doubled, while only increasing

the maximum strain concentration with 3.5%. For tape-

springs placed further apart, the interaction between indi-

vidual layers becomes more and more important, resulting

in a higher strain energy in the system. The proposed su-

perposition approach to simulate parallel tape-springs is ex-

perimentally tested and showed qualitatively comparable be-

haviour.

Nomenclature

α subtended angle

εvM Von Mises equivalent strain

ν Poisson’s ratio

σy yield stress

θ fold angle

E Young’s modulus

Fy longitudinal compression/tension force

L length tape-spring

R fold radius

Rx rotation around x-axis

r radius tape-spring

t thickness

U potential strain energy

uy,uz translation in y- and z-direction

1 Introduction

Compliant mechanisms are mechanisms that get their

mobility from the elastic deformation of flexible segments.

These compliant mechanisms are a promising alternative to

rigid link mechanisms, since they experience less wear and

backlash, and integrate functions in fewer parts, potentially

saving costs [1]. Compliant shell mechanisms are a rela-

tively new subset of this research area, which are compliant

mechanisms consisting of a curved thin walled structure [2].

Possible applications of compliant shell mechanisms are col-

lapsible walls [3], transmissions [4], gravity balancers [2], or

human assistive devices [5]. A tape spring is a basic shape

of such a shell geometry, being thin walled and having only

one transverse curvature. Tape springs are used for different

purposes, such as hinges in deployable structures [6–8], and

also as force generators [9–11].

For tape-springs being used as force generators, the en-

ergy that can be stored in a single tape-spring is limited by

material yielding, and therefore the force that can be gen-

erated by such a mechanism is limited. To increase energy

storage in a force generator, such that the generated force

is higher, or to increase energy release in a dynamic damp-

ing hinge application, multiple tape-springs can be combined

next to each other [12,13]. This method can be used in force

generators as well, and besides placing several tape-springs

next to each other, it is also possible to place the tape-springs

on top of each other, which is referred to as stacking in this

paper. By stacking the available space will be used more effi-

ciently compared to tape-springs next to each other. Stacking

is mentioned briefly in literature, but not as the main topic of

study.

The opening moment of a tape-spring is the moment

needed to keep a tape-spring in a folded position, and it

changes with changing fold angles. Walker and Aglietti

[14] tested multilayer tape-springs experimentally, and it was

found that the opening moment of a folded multilayer tape-

spring stack can be modelled as a summation of the individ-

ual tape-spring moments for sufficiently large separation dis-
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tances, as for small separation distances the contact between

the separate layers caused the opening moment to rise. Yang

et al. [15] studied a tape-spring hinge combining opposite

and equal sense bended tape-spring in a single layer tape-

spring and a double tape-spring configuration. In this study

it was found that the opening moment of a double layer tape-

spring hinge is more than two times the opening moment of

a single tape-spring, while the maximum stress in the double

tape-spring configuration is less compared to a single tape-

spring. Cook and Walker [16] mention a doubled tape-spring

configuration, in which two tape-springs are placed on top

of each other to strengthen a space inflatable structure. Lee

et. al [17] studied the attenuation of the deployment of a

tape-spring hinge, by adding a shape memory alloy layer be-

tween two stacked tape-springs. They found that the fold-

ing moment is proportional to the number of stacked tape-

springs. However, this research is focused on the behaviour

and stresses in the added shape memory alloy layer instead

of the stacking of the tape-springs.

These studies show the possibilities of stacking for en-

ergy increase. However, a clear concise overview of the po-

tential of this approach is lacking, as well as a clear simula-

tion approach of parallel compliant shell mechanisms. The

goal of this study is to show that stacking can be used to

increase the total energy storage in a tape-spring assembly,

without yielding the material. By using the principle of

superposition in simulating the deformation behaviour, the

complexity of the simulations are reduced. The resulting en-

ergy increase is relevant in force generators, since this would

broaden the range of possible applications.

This paper starts with an introduction of the considered

boundary conditions and tape-spring geometry, as well as an

explanation of the simulation and experimental method in

section 2. The resulting force-deflection behaviour and strain

distribution from the simulations and the force-deflection be-

haviour found in the experiments are reported in sections 3.1

and 3.2, respectively. Subsequently, a discussion of the re-

sults is provided in section 4 in the same separation of simu-

lations and experiments. Furthermore, the results of the ex-

periments and the simulations are compared to each other

and to the findings in existing literature. Lastly, a brief sum-

mary and general conclusion are given in section 5.

2 Method

2.1 Boundary conditions

The boundary conditions considered in this paper are de-

rived from the potential application of a tape spring for an

upper arm support system [11], as shown in figure 1. The

approach to the arm is 2D, modelling the shoulder as a rota-

tional joint around which the upper arm acts as a pendulum.

The tape spring is fixed on one end (point 1) to the trunk,

constraining two translations (uy = 0, uz = 0) and one rota-

tion (Rx = 0). The other end (point 2) is connected to the arm

using a slider, constraining one translation (uz′ = 0) and one

rotation (Rx′ = 0). The slider releases the shear forces from

the arm, which could otherwise cause chafing.

Fig. 1: The considered boundary conditions as derived from

a potential upper arm support system. Endpoint 1 is fully

constrained, while endpoint 2 is free to slide in the y′-
direction.

2.2 Tape spring basics

A tape spring is a single-curved geometry, and is defined

by the length L, thickness t, radius r, and subtended angle α.

The geometry is shown in figure 2a. This tape spring can be

folded in an equal sense manner - the concave sides facing

towards each other [18]. Figure 2b shows the deformed ge-

ometry for fold angle θ, with the corresponding fold radius,

R.

(a) Straight tape spring (b) Folded tape spring

Fig. 2: Parameters of a folded tape spring [19]

In this paper, the tape-spring is modeled with spring

steel, the properties and dimensions of which are given in

Table 1. The length is chosen considering the biometric data

of an arm, while the thickness t and radius r are related using

equation 1, derived by De Jong [19], in order to stay below

the yield stress

t <
2σy(1+ν)

E
√

3
r (1)
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L t r E ν ρ

[mm] [mm] [mm] [GPa] [-] [kg/m3]

260 0.15 19.9 210 0.3 7900

Table 1: Dimension and material properties of tape spring

2.3 Stacking options

When stacking multiple tape spring, different con-

straints can be imposed on the individual tape springs with

respect to each other. The translation degree of freedom at

point 2 can be ensured by having a separate slider for each

layer in the stack, or by constraining the separate layers into

one end-block, which is free to slide.

In the first configuration, the endpoints of the individual

layers do not interact longitudinally (y′-direction) with each

other, while the endpoints’ z′-translation and rotation are

constrained similarly. When possible interaction throughout

the length of the tape spring is not taken into account, the re-

sulting behaviour of the stack would be just a summation of

the behaviours of the individual tape springs, since they do

not influence each other. This means that the peak stress in

the material stays the same, while the total energy storage of

the stack increases. This creates the opportunity to increase

the energy storage in a tape spring configuration, while not

plastically deforming the material.

Having separate sliders for each layer of a stack is not

convenient for practical reasons (increased complexity, more

parts, assembly, etc.). Therefore, the second configuration,

in which the separate layers are all constrained into one end-

block is considered. In this configuration, the translation

along the arm is constrained for the individual layers, result-

ing in longitudinal forces at the tape springs ends. However,

no shear forces are exerted on the arm since the end-block is

mounted on a slider.

2.4 Superposition approach

The approach to the stacked configuration can be di-

vided into four steps:

1. Simulate the translation-free bending (θ = 0, ...,π/2) of

a single tape-spring i = 1, ...,n.

2. Find the force-displacement relation in y’-direction for

sliding endpoint for each rotation θ, by prescribing a y’-

displacement, while constraining other movements.

3. (I) Use the principle of superposition on the axial forces

to find the trajectory y′(θ) of a stack of n tape-springs,

for which must hold:

(a) y′1 = y′2 = ...= y′n
(b) ∑n

i=1 Fy′,i = 0 for each θ

or (II) use the principle of superposition on the strain

energies U to find the trajectory y′(θ) for a stack of n

tape-springs, for which must hold:

(a) y′1 = y′2 = ...= y′n
(b) ∑n

i=1 Ui(θ,y
′) = min(U(θ,y′)) for each θ

4. Compare the peak strain and total strain energy of a

stack of tape-springs to an unstacked tape-spring

The first step involves the simulation of an individual

tape-spring, with one endpoint being rotated by θ with re-

spect to the other endpoint around the x-axis, and a transla-

tional degree of freedom on the y’-axis (along the arm). The

following step prescribes, for each of the solutions of rota-

tion θ, a translation along the y-axis of one endpoint (along

the arm), while the other translations and rotations are fixed.

This results in a force field in the y-direction, which is a

function of θ and y′: Fy′(θ,y
′). Thirdly, the force fields of

the individual tape-springs are used to find a solution for the

trajectory along the arm y′(θ) of a combined stack. For this

trajectory must hold that the y′ positions of the endpoints of

all individual layers are aligned (y′1 = y′2 = ... = y′n), since

they are in one end-block, and the forces in the y′-direction

of all layers add up to zero (∑n
i=1 Fy′,i = 0), since the end-

block is free to slide. An alternative method is to look at

the summation of the strain energy fields of the tape-springs,

∑n
i=1 Ui(θ,y

′), and minimize this for each value of θ to find

the trajectory, since the end-block follows the trajectory of

minimum energy. Lastly, when the trajectory of the stack and

corresponding deformations and forces of each contributing

tape-spring are known, these sum up to the total behaviour

of the stack, which can be used to determine the moment-

rotation behaviour of the stack and the maximum strain and

strain energy in the individual tape-springs and stack.

2.5 Simulation method

To study the strains in the different layers in the stack, a

finite element model is created, based on isogeometric analy-

sis (IGA) [20]. The geometry is defined by 15 evenly spaced

points in the x-direction (the circular cross-section), and 130

points in the y-direction (the length of the tape spring), as

shown in figure 3. Furthermore, at the ends of the tape spring

so-called pilot points are defined halfway between the side

edges. These are connected through stiff beams to the cross-

section and the end. Constraints are applied at the pilot-

points.

In order for the simulation to converge, an imperfection

must be introduced to the geometry. It was chosen to change

the subtended angle α of the cross-section throughout the

length of the tape spring. The subtended angle was decreased

linearly from 95.1◦ at the outer ends to 80.5◦ at y = 0.15m.

The rotation θ is divided in 100 steps between 0 and

π/2 rad, with smaller spacing at the beginning and greater

spacing at the end, based on the curve y = 10x.

2.6 Experimental method

2.6.1 Production of tape-springs

The simulations are validated by experiments. The tape

springs are produced from stainless steel 1.4310. This ma-

terial is a common spring material with an ultimate tensile

strength of 1500-1700 MPa, and does not suffer from creep

and stress relaxation under normal conditions. The material

for the tape-spring is laser cut from a flat sheet, including
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Fig. 3: The meshed finite element shell model. The points of

the model are defined at the intersections of the black lines.

The blue lines indicate the stiff beams that connect the edge

of the shell to the so-called pilot points, at which the con-

straints are applied. The insert shows a close-up of one end

of the tape-spring.

the previously described imperfection in the simulation. The

transverse curvature is then rolled into this strip, resulting in

the required tape-spring shape.

2.6.2 Measurement setup

The force-deflection behaviour of the produced tape-

spring is tested in a measurement setup as shown in figure

4. The setup consist of one arm (‘moment arm’) on which a

moment is exerted. One end of the tape-spring is fixed at the

end of this arm, allowing no translations or rotations, while

the other end is fixed on a slider, allowing longitudinal trans-

lation. The moment arm and slider are mounted on a base

plate, and for the moment arm an extra bracket is introduced

to improve the stiffness of the construction. An M6 shoulder

bolt with 8 mm shaft is used as a shaft, and two EZO F608H

ZZ ball bearings with flange are pressed in the moment arm

to reduce friction. The moment arm is made by SLS of solid

Nylon (PA12) and the clamps on the slider are 3D printed

from PLA.

An Altmotion LT50-TR-G8-200 linear actuator is used

to move a platform back and forth with a velocity of 1

mm/sec, on which a Micro-Epsilon optoNCDT ILD1420-20

distance sensor and a Futek LSB200 load cell are mounted,

which have a measuring frequency of 20 Hz. A braided wire

is used to attach the load cell to the moment arm at a dis-

tance of 0.030m from the rotational axis. This distance can

be used to calculate the moment from the measured force,

M = 0.030 Fmeas, as well as for determining the rotation of

the mounting arm θ from the displacement δ measured by

the laser distance sensor, θ = δ/0.030. The distance sensor

and load cell have an uncertainty of ±0.1%, and therefore,

when multiplied with the distance from the rotational axis,

an uncertainty of ±7e−3rad and ±8e−4Nm, respectively.

Carriage

Linear guideMoment arm

Tape-springs

Linear actuator

Load cell

Wire

Laser distance 

sensor

Fig. 4: Picture of the measurement setup

3 Results

3.1 Simulations

The tape-springs are simulated, using the four steps ex-

plained in section 2.4. The resulting force field F(y,θ) from

the simulation for two tape-springs with an offset of 0 and

2 mm from their centre to the rotational joint are shown

in figure 5a and 5b, respectively. The summation of these

two fields, according to step 3 (I) of the superposition ap-

proach, is shown in figure 5c with the red line indicating the

y(θ) trajectory of the stack for which holds ∑n
i=1 Fy,i = 0.

The summation of the strain energy fields U(y,θ) of the

same tape-springs is shown in figure 6, with the red line

indicating the y(θ) trajectory of the stack for which holds

∑n
i=1 Ui(θ,y) = min(U(θ,y)) for each θ, according to step 3

(II) of the superposition approach. The two trajectories of the

stack show good agreement with each other, with a RMSE of

6.3e−5 [m], which gives a normalized RMSE (NRMSE) of

7.5% when normalized with the mean of y− yinside.

Figure 7 shows the maximum Von Mises strain εvM in

the tape-spring as a function of rotation θ, both of the inner

and outer tape-spring when folded separately and together in

a stack. During the buckling phase, from 0 to 0.35 [rad], the

highest strain concentration appears. For the stacked con-

figuration, an increase in maximum strain concentration of

3.2e−4 or 5.4% is seen for the inner tape-spring, while a de-

crease of 2.1e−4 or 3.5% is seen for the outer tape-spring.

When a separation distance of 1mm instead of 2mm between

the tape-spring layers is assumed, an increase of 3.5% is seen

for the inner tape-spring, while a decrease of 1.8% is seen for

the outer tape-spring.

In figure 11 both the simulated strain energy of a stack

(green, solid line), and the summation of the strain energies

of the individual tape-springs (green, dashed line) are shown,

for a separation distance of 2mm. As can be seen, the differ-

ence between these two is marginally small. In figure 12 the

percentage difference of the moment is shown, with a mean

difference of 2.0%.

This superposition approach can also be applied to a
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(a) Longitudinal force-displacement field

of the inner tape-spring. The contours

display the force in [N]
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(b) Longitudinal force-displacement

field of the outer tape-spring. The

contours display the force in [N]
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(c) Absolute value of the summation of

the longitudinal force-displacement field

of the inner and outer tape-spring. The

red line indicates ∑Fy = 0.

Fig. 5: The longitudinal force-displacement fields for the separate tape-springs with their centre located at 0 mm (inner) and

2 mm (outer) offset of the rotational joint, and the combined force-displacement field. The displacement is plotted relative

to the displacement of the inner tape-spring.

Fig. 6: Strain energy field of a stack of two tape-springs. The

red line indicates the minimum strain energy for a specific

rotation θ.

stack of more than two tape-springs. In figure 8 the summed

energy field and its minimum are shown for a stack of three

tape-springs with an offset between their centre and the rota-

tional joint of 0mm, 1mm, and 2mm.

3.2 Measurements

The produced tape-springs are measured on the mea-

surement setup and compared to the simulation results to

verify the FE simulations. Three measurements are taken

of each tape-spring configuration. The signal from the dis-

tance sensor is filtered with a moving average filter, using

a window size of 30. Subsequently, the measured load is

interpolated at 200 linearly spaced points between 0 and
π
2

rad. In figure 9, the simulated (red) and measured (blue)

force-deflection results for a single tape-spring with its cen-

tre aligned with the rotation point is shown, with the dashed

line indicating the unloading step, showing the hysteresis of

the measurement. The mean of the measurement is plotted

in purple. The two results do not quantitatively agree with

each other, as the simulation result gives higher values for

0 0.5 1 1.5
0

2

4

6

10
-3

Single (inside)

Stack (inside)

Single (outside)

Stack (outside)

Fig. 7: Maximum Von Mises strain εvM in the material

the reaction moment, both for the peak moment during buck-

ling, as well as for the opening moment post buckling. In

black, the percentage difference between the simulation and

the loading step of the measurement is shown, normalized

with the mean of the simulation (red) and the mean of the

measurement (purple).

The normalized root mean square error (NRMSE) is cal-

culated for the moment-rotation behaviour and the strain en-

ergy as follows:

NRMSE(x) =

√

√

√

√
∑N

i=1

(

Mi,sim−Mi,meas(mean)

mean(Mi,sim,Mi,meas(mean)

)2

N
(2)

The NRMSE is calculated for two different intervals:

[0, π
2
] [rad] and [0.35, π

2
] [rad]. The second interval takes

only the post-buckling behaviour into account. This re-

sulted in an error in the moment of NRMSE1 = 39.8% and

NRMSE2 = 27.4%, and in the strain energy of NRMSE1 =
50.5% and NRMSE2 = 36.0% for the two intervals.

Besides the moment-rotation plot, a strain energy plot
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Fig. 8: Strain energy field of a stack of three tape-springs,

with an offset between their centre and the rotational joint of

0, 1, and 2 [mm]. The red line indicates the minimum strain

energy for a specific rotation θ.
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Measurement (unloading)

Measurement (mean)

Error

Fig. 9: Moment-rotation plot of both the simulation (red)

and the measurements (blue). The dashed line indicates the

unloading measurement, showing the hysteresis in the mea-

surement. In black the percentage error is shown, calculated

as Msim −Mmeas(mean), normalized by the mean of Msim and

Mmeas(mean).

can also be made to compare the simulation to the measure-

ments. In figure 10, the strain energy from the simulation and

the measurement are shown. The strain energy from the mea-

surement is taken by integrating the force-deflection curve

from figure 9.

Measurements are taken of the stacked configuration as

well. The strain energies of the measurements of the stacks

are shown in figure 11 as solid lines, while the dashed lines

indicate the summation of strain energies from the measure-

ments of the free-sliding behaviours of the individual tape-

springs. The values for the strain energy increases with the

separation distance, which differs from the simulation re-

sults, which stay roughly the same and similar to the sum-

mation results. The RMSEs of the strain energy when com-

paring the summation of the individual tape-springs and the

stack behaviour are given in Table 2. The main difference is

0 0.5 1 1.5
0

0.05

0.1

0.15

0

50

100

150

200

e
rr

o
r 

[%
]

Simulation

Measurement

Meas. (mean)

Error

Fig. 10: Strain energy U plotted against rotation θ of both

the simulation (red) and the measurements (blue). Tthe

hysteresis in the measurement is indicated using the ar-

rows. In black the percentage error is shown, calculated

as Usim −Umeas(mean), normalized by the mean of Usim and

Umeas(mean)

Table 2: Measurement results for the stacked configuration

Separation distance [mm] 0 2 4

Strain RMSE

[mJ]
Sum vs. stack 2.8 25.3 44.5

Peak moment

[Nm]

Sum 0.44 0.41 0.37

Stack 0.39 0.53 0.63

Mean

moment

difference [%]

Sum vs. stack

[0, π
2
] rad

42 24 36

Sum vs. stack

[0.35, π
2
] rad

15 20 25

due to the higher peak moment during the buckling phase, re-

sulting in a higher energy storage. The higher the separation

distance, the higher this peak moment is.

The percentage difference of the moment when com-

paring the summation of the individual tape-springs and the

stack behaviour is shown in figure 12. Comparing different

separation distances, the results of the moment summation of

the individual tape-springs do not differ considerably, but the

actual measured stack behaviours do. It can be seen that the

moment differences increase with the separation distance,

but qualitatively it shows the same behaviour. The means of

the moment difference for the whole range of θ and the post-

buckling phase are given in Table 2, showing the increasing

difference between the summation and the stack behaviour

for increasing separation distances.
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Fig. 11: The strain energy in the tape-spring is plotted against

the rotation θ for both the simulation and the measurements.

The solid lines indicate the strain energy as encountered

in a stack including compression and tension forces, while

the dashed lines show the summation of the individual free-

sliding tape-springs.
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Fig. 12: The percentage difference in opening moment is

shown, when comparing the behaviour of a stack of tape-

springs, including compression and tension forces, to the

summation of the individual free-sliding tape-spring be-

haviours. The difference is normalised using the moment

of the stack of tape-springs.

4 Discussion

4.1 Simulations

The force displacement fields for the inner (compres-

sion) and outer (tension) tape-springs differ from each other.

The inner tape-spring shows a stiffer behaviour than the outer

tape-spring. This causes the trajectory of the stack to be

closer to the free-sliding trajectory of the inner tape-spring.

The stiffness difference agrees with the findings of Seffen

[18], which show a more stiff relation for compression of a

tape-spring than tension.

The resulting trajectory of the stack of tape-springs us-

ing the longitudinal forces as reference differs only slightly

from the acquired trajectory using the strain energy. This

difference can be attributed to the stored elastic energy in the

stiff end-beams of the model, since the stiffness is only finite

and some deformation takes place.

The maximum Von Mises strain εvM in a stacked config-

uration increases slightly in the inner tape-spring, while it de-

creases in the outer tape-spring. This corresponds to the find-

ings of Seffen [18] regarding longitudinal curvature change

for tape-springs under compression and tension, which show

that for the former the deformation becomes larger, while for

the latter the deformation becomes smaller, corresponding to

higher and smaller peak strains in the material, respectively.

If the increase of peak strain would cause material yielding,

the radius could be made slightly bigger, such that the strain

concentration will be lower. Still, the overall strain energy in

the system will be roughly doubled in such a stack of two,

without material yielding. When the separation distance be-

tween tape-spring layers increases, the maximum strain dif-

ference increases as well, since the longitudinal compression

and tension forces increase.

The small difference between the strain energy of a stack

including compression and tension forces at the ends and

the summation of the individual free-sliding tape-spring be-

haviours shows that the additional forces do not change the

force-deflection behaviour very much. So, when interaction

forces between individual layers are not taking into account,

the resulting behaviour is basically a summation of the indi-

vidual tape-springs.

Lastly, Seffen [18] states a theoretic upper-bound esti-

mate on the maximum load that can be carried without the

forming of two distinct folds. This maximum load corre-

sponds to a certain longitudinal displacement. As a forma-

tion of a second fold would not be possible for a single layer

in a stack, significant contact forces are expected for the sep-

aration distance at which this maximum load appears. This

gives a limit to the separation distance that can be studied

with the current simulation approach.

4.2 Measurements

The simulations and measurements do not completely

agree with each other. The overall shape show a similar

shape, but the force magnitude differs significantly. The

energy in the tape-spring can be approached by equation

3 [18,19]. This equation shows that the energy in the system

scales cubically with the thickness. According to the manu-

facturer the thickness of the tape-spring has an uncertainty of
0.005mm
0.15mm

≈ 3.3%. Therefore, this gives an uncertainty in the

strain energy of 10.3%. Furthermore, the Young’s modulus E

was simulated as 210GPa, however, according to CES Edu-

pack the value for 1.4310 annealed steel lies between 200 and

210GPa. This accounts for an uncertainty of 5% in the strain

energy. These sources of error can not completely explain

the difference between the measurement and simulation. An-

other source of uncertainty can be found in the measurement

setup, where the clamping of the tape-spring only friction-

ally constrains the torsional twisting of the tape-spring ends

during the buckling, resulting in distorted peak buckling mo-

ments. Furthermore, there might be some uncertainty in the

radius of the pulley around which the wire pulls.
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U =
Et3

12(1− v2)
(1± v)αθ (3)

Since the simulations and measurements for single tape-

springs do not agree, the simulations and measurements for

the stack are not compared. Instead of a quantitative valida-

tion, these measurements can be used as a qualitative valida-

tion of the relation between behaviour of a single tape-spring

and a stack of tape-springs.

The shape of the force-deflection curve of the tape-

spring stack remains similar to the force-deflection shape of

a single tape-spring, however, the magnitude of the peak mo-

ment and the post-buckling opening moment is increased for

a stack. Figure 12 shows that the force-deflection curve of a

stack of tape-springs does not agree with the summation of

the individual tape-spring behaviours, which is in line with

the findings of Yang et al. [15], but contradicts with Walker

and Aglietti [14] and Lee et al. [17]. The reported value in

Table 2 of the mean moment difference over the whole range

of θ is surprisingly large for the separation distance of 0 mm.

This indicates that the summation of individual tape-spring

behaviours and stack behaviour do not agree well with each

other. This is mainly due to the fact that the stack buckles at a

slightly larger value of θ, resulting in a big offset between the

two results and giving a distorted view. The post-buckling

value behaves more as expected, and is lower for the smaller

separation distance.

The amount of measurements taken in this study is too

limited to extract a general correlation between the separa-

tion distance and the amount of strain energy in the stack

of tape-springs, but it points to a positive correlation. The

increase in strain energy is attributed to the interaction be-

tween the different layers, since the tape-spring geometries

are in contact with each other during bending. These inter-

action forces increase with increasing separation distances,

requiring an elaboration on the used model.

In section 3.1 the strain distribution and corresponding

concentrations as found in the simulations, discarding inter-

action forces, are given. However, the total stored strain en-

ergy in the measurements of a stack, including interaction

forces, is higher than the values found in the simulation. The

implications of this increase in strain energy for the strain

distribution is not completely clear, since this distribution

cannot be measured easily. For a stack of tape-springs with

0 mm separation distance and a rotation of π
2

, a difference

of 8% is observed between the measurements with and with-

out interaction forces. However, for a separation distance of

2 mm, the total strain energy at a rotation of π
2

is already in-

creased by 20%. It is not clear whether the strain in this case

is distributed more evenly throughout the material or if the

strain concentrations become higher. This should be further

investigated, in order to be able to design the tape-springs to

be loaded up to their yield limit.

5 Conclusion

In this study, a superposition approach to simulate paral-

lel tape-springs is proposed. This approach was experimen-

tally tested and showed qualitatively comparable behaviour.

The measurements show substantial quantitative differences,

but can partially be explained by the manufacturing uncer-

tainties and uncertainties in the measurement method.

Using the strain energy distributions from the simula-

tions, it was found that the energy in a system of two closely

placed equal tape-springs doubled, while only increasing the

maximum strain concentration with 3.5%. This shows that

energy storage increase is possible through stacking, with-

out material yielding. For tape-springs placed further away

from each other, the interaction between individual layers

becomes more and more important, resulting in diverging

results for simulation and experiment. Therefore, the pro-

posed simulation approach only holds with limited interac-

tion forces. The experimental results point to a positive cor-

relation between the separation distance and the increase in

opening moment and strain energy in the system.
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4
Discussion

A clear overview of the potential of energy increase in tape-springs through stacking is currently lacking.
Furthermore, the different stacking options and the resulting mechanics behind it are not explored
explicitly. While the method of stacking tape-springs can be found in literature, it is not researched
elaborately. Therefore, this thesis addresses these subjects.

This thesis begins in chapter 2 with an exploration of the method of stacking using a theoretical
framework. A stack of concentric tape-springs with decreasing radii inward is considered, and a the-
oretical maximum value of energy increase in a unit volume is derived for different materials. This
result is interesting for different tape-spring applications. First of all, larger forces can be produced
in tape-spring force generators. Furthermore, it creates more context for tape-springs in a dynamic
damping hinge application, as the energy release can be increased by combining the right materials
and geometries, as shown by Lee et al. [11]. Besides for folding tape-springs, this result is also
interesting for two-fold tape loops, as studied by De Jong [7]. A tape loop is a special subset of a
tape-spring configuration, for which the rotation angle 𝜃 is fixed at 180∘. The stacking of tape-springs
can be applied to this configuration as well, and since the rotation angle is constant the relative length
change does not change during movement of the tape loop. This makes it possible to increase the
force generated by the tape loop, according to the results found in this chapter.

In chapter 2, the relative length change between different layers of a stack is assumed to be
possible. However, this is not a very practical assumption, since it is challenging to have several tape-
spring ends sliding freely with respect to each other, while they are experiencing an end couple and
radial forces. More information about the implications of a more practical implementation is needed. In
the subsequent chapter, an additional constraint is imposed on the longitudinal translation of the tape-
spring ends. This constraint results in compression and tension forces on the tape-springs, varying
with rotation angle 𝜃. The effects are studied in the next chapter, using a simulation and experimental
approach.

Chapter 3 considers a stack of equal tape-springs with the previously described practical set of
boundary conditions. A small overview of 2D stacking options and their length change is given in
appendix C. The superposition principle is used in the simulation framework, and the different layers
are simulated separately. Using this approach stacks of two and three tape-springs were simulated
with different separation distances. The simulation approach is expected to be able to superpose more
than three tape-springs as well.

The downside of the simulation approach is that only the interaction forces at the outer ends of
the tape-spring are taken into account, while interaction forces throughout the shell are discarded.
The divergence between the results of the simulation and the experiment for higher separation dis-
tances is attributed to these neglected interaction forces throughout the shell. The misalignment of
the eigentwist of the stacked tape-springs increases with increasing separation distance. As a result,
the additional forces on the tape-spring will increase. The resulting compression force on the inner
tape-spring and the tension force on the outer tape-spring will lead to contact between the different
layers throughout the shell. Since there is a positive correlation between the separation distance and
the additional strain energy in the system, this interaction is assumed to be responsible for the addi-
tional stain energy. More research needs to be done on this correlation between separation distance
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and strain energy, since the increase in strain energy might affect the strain distribution in the material.
If the increased separation distance causes an increase in the maximum strain concentration, it could
result in material yielding. If the maximum strain concentration would not increase, the increase of
separation distance can be used to increase the energy storage of the system.

The experimental results from chapter 3 show an increasing difference between the strain energy
of a stack and the summation of the strain energies of the individual tape-spring layers for increasing
separation distances. The result that the stack behaviour is greater than the summation of the individual
tape-springs agrees with the findings of Yang et al. [9], but contradicts with the findings of Walker and
Aglietti [8] and Lee et al. [11]. The latter two state that the stack behaviour is equal to the summation of
the individual tape-springs. For small separation distances this equality roughly holds, but for increasing
separation distances these values diverge. The higher interaction forces for larger separation distances,
as explained in the previous paragraph, are supposed to account for this divergence.

The proposed simulation approach, which is based on superposition, could possibly be used for
other configurations of parallel tape-springs as well, as long as the interaction forces between the
different layers can be discarded. For example, a pivot joint can be added to the sliding end block,
giving the tape-spring assembly an extra rotational degree of freedom (DoF) 𝜙, as shown in figure 4.1.
An extra dimension 𝜙 should be added to the current (𝑦, 𝜃)-energy fields, giving the strain energies
for different values 𝜙 as well. The resulting trajectory of the stack can be determined by the minimum
strain energy for each position of 𝜃. Subsequently, the force-deflection behaviour of the system can be
determined. If this extra DoF would be introduced to a tape-spring with a constant cross-section, the
fold region would be located closest to endpoint 1 as possible (until the tape-spring collides with the
rotating arm, or the end effects of the clamp are limiting). This happens since the effective fold angle
of the tape-spring becomes smaller as the fold moves towards endpoint 1, and hence the tape-spring
obtains a lower energy state. The location of the fold along the tape-spring length can be controlled by
introducing a subtended angle profile, such that the tape-spring folds at the location with the lowest
subtended angle. This additional DoF 𝜙 would, however, completely change the resulting moment the
tape-spring exerts around the joint, since now only the force perpendicular to the arm will contribute.

Figure 4.1: A tape-spring configuration with both a translational and a rotational degree of freedom at the arm.

Besides energy storage increase, stacking could open opportunities of modifying the force-deflection
behaviour of a tape-spring in different ways. It is possible to introduce prestress to some layers of the
stacked assembly. An example of the effect of prestress, added by the twisting of a tape-spring, is
elaborated on in appendix B. Another interesting approach would be to stack tape-springs with different
subtended angle profiles on top of each other. Since the tape-spring will likely buckle at the region
with the smallest subtended angle, the interaction between the different layers can be tailored.

Another approach to increase the total energy storage in a tape-spring assembly besides stacking,
could be introducing a variable cross-section, resulting in a better distributed strain energy. That way,
the total energy storage could be increased, while maintaining a limited maximum strain value. This
should be combined in an optimization problem, optimizing both for a specific force deflection profile
as well as for maximum energy storage.



5
Conclusion

In this thesis, literature on stacking tape-springs is reviewed and the potential of energy increase by
stacking tape-springs is explored. Furthermore, a description of different stacking options and the
resulting mechanics behind them are given.

Two different methods of stacking are studied in this thesis. Firstly, a stack of concentric tape-
springs with decreasing radii inward is studied. These tape-springs have a relative change in length
between the different layers of Δ𝐿 = 𝜃(𝑅∗ኻ − 𝑅∗ኼ) during folding, which is a function of rotation angle
𝜃 and fold radius 𝑅∗። , and it is assumed they can freely translate. Secondly, a stack of equal tape-
springs is studied, taking into account a practical set of boundary conditions. For this configuration the
relative change of length is a function of the separation distance 𝑠 of the tape-spring layers and the
rotation angle 𝜃, and can be defined as Δ𝐿 = 2 𝑠 𝑡𝑎𝑛᎕ኼ . In this second configuration, the longitudinal
translation is constrained for the individual layers with respect to each other. The constrained relative
length change results therefore in compression and tension forces on the tape-springs.

Starting point in chapter 2 is a theoretical exploration of the potential of stacking. The energy
storage in a single tape-spring is compared to the energy storage in a stack of concentric tape-springs,
with decreasing radii inward. A unit volume is studied and using analytical approximations for the
energy storage of a tape-spring, a formula is derived for the maximum possible energy increase. This
possible energy increase differs per material, so as an example the materials polycarbonate and spring
steel are compared. It was found that in an ideal situation, with continuous increments in material
thickness, an increase in energy storage of factor 5.59 is possible for polycarbonate and for spring steel
an increase of factor 33.6. Subsequently, this possible energy increase is compared to the maximum
possible energy increase when considering discrete increments in thickness. It was found that 88%
and 79% of this ideal energy storage increase can be achieved for polycarbonate and spring steel,
respectively. To generalize this, a material index for maximizing energy storage in a single shell was

derived,max (᎟
Ꮅᑪ
ፄᎴ ), as well as a material index for maximizing energy storage in a stack of tape-springs,

max ( ፄ᎟ᑪ ). These two indices imply that materials such as polymers and elastomers are more suitable
for maximizing energy in a single tape-spring, while spring steel is more suitable for maximizing the
energy storage in a stack of tape-springs.

In chapter 3, a simulation and experimental approach is used to study the energy increase in a
stack of equal tape-springs. For the simulations of the parallel tape-springs, an approach based on the
superposition principle is proposed. This approach is applied to a stack of both two and three tape-
springs. The method is experimentally tested for a stack of two tape-springs and showed qualitatively
comparable behaviour. The substantial quantitative differences can at least partially be explained by
the manufacturing uncertainties and uncertainties in the measurement method. Using the strain energy
distributions from the simulations, it was found that the energy in a system of two closely placed equal
tape-springs with a separation distance of 1𝑚𝑚 doubled, while only increasing the maximum strain
concentration with 3.5%. This result shows that stacking is suitable to increase energy storage in
a tape-spring assembly, without yielding the material. In these simulations the interaction between
the layers throughout the shell is not incorporated, and as a result the stack behaviour is similar
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24 5. Conclusion

to the summation of the individual tape-spring behaviours. However, the measurement results do
not show the same behaviour. For a separation distance of 0𝑚𝑚, when the tape-springs are placed
directly on top of each other, 8% increase in strain energy is observed at a rotation of ᎝

ኼ , when
comparing the summation of the individual tape-spring behaviours to the actual stack behaviour. For a
separation distance of 2𝑚𝑚, 20% increase in strain energy is observed at a rotation of ᎝ኼ . This strain
energy increase is attributed to the increase in interaction between the layers throughout the shell.
These experimental results point to a positive correlation between the separation distance between
the individual layers of the stack and the strain energy in the system.

Overall, stacking is beneficial for maximizing energy storage. A theoretical limit is derived for parallel
concentric tape-springs, and experimentally it is shown that maximal energy storage can roughly be
doubled in stack of two parallel equal tape-springs before material yielding occurs, when separation
distance between individual layers is low.
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Compliant shell mechanisms are produced using a wide

range of manufacturing techniques and materials. This study

provides a clear overview of the different manufacturing pos-

sibilities for compliant shell mechanisms, and their proper-

ties. This review paper presents an overview of manufactur-

ing techniques and preforms a comparison study. Composite,

polymer, and metal manufacturing techniques are studied on

five performance metrics: productivity, economic batch size,

geometric freedom, accuracy, and process robustness. The

resulting overview will help designers to select the right man-

ufacturing technique, tailored to their requirements, by en-

abling comparison of available processes on the five metrics.

The study shows that for composite and polymer manufac-

turing, economic batch size is an useful criteria for choosing

the ideal process, limiting the amount of suitable processes,

while for metal manufacturing geometric freedom is a suit-

able criteria as well.

1 Introduction

An increasing amount of research is done on compli-

ant shell mechanisms and understanding their specific force

deflection curves [1–9]. Most of these studies start with a

numerical model, that is optimized to achieve a specific be-

haviour. After obtaining the theoretically ideal design, it is

generally manufactured and experimentally tested. In order

to compare the numerical model and the experimental test,

the manufactured part should be as close to the design as

possible. Any small deviation might alter the behaviour, so a

suitable manufacturing technique is essential.

In recent studies, there are different compliant shells be-

ing build to validate a numerical model, using a very broad

range of methods, including drape forming [5, 6], vacuum-

assisted resin transfer molding, vacuum forming [5], roller

and press bending [7], wet hand lay-up [8], powder bed fu-

sion [9]. There seems to be no agreement on the best suited

production process.

All manufacturing processes have their own shortcom-

ings, as well as their own potential, and there exists no per-

fect process. Furthermore, each application has its own re-

quirements, resulting in a different ideal manufacturing pro-

cess. Therefore, this study provides an overview of manufac-

turing techniques to aid in making a well-considered choice,

discussing their properties.

A performance comparison of the manufacturing tech-

niques is performed for a specific geometry and materials,

based on five different performance metrics. This compari-

son forms a good starting point in choosing the ideal manu-

facturing technique, and can be expanded with other perfor-

mance metrics or materials.

Section 2 introduces the scope of the paper, defining

the different design parameters and the performance crite-

ria. Section 3 contains the results of the literature research: a

short description of the different manufacturing techniques,

and their corresponding performances. These results are di-

vided in different material groups: composite, polymer, and

metal manufacturing techniques. Section 4 contains a discus-

sion of the results, starting with some observations, followed

by the limitations of the study. Lastly, a brief summary and

general conclusion are given in section 5.

2 Method

2.1 Design parameters

The following three factors often play a role during

product design: the geometry or shape of the product, the

material and its properties, and the manufacturing process.

All these three factors, determined by the intended applica-

tion, influence each other, and therefore all have to be taken

into account in an integrated manner. This means that design

is an iterative process, consequently evaluating this interplay.

In this research, the starting point is a geometry, and subse-

quently a limited set of materials is chosen, based on their

promising properties. Lastly, the applicable manufacturing

processes are determined.

2.1.1 Geometry

Compliant shell mechanisms are defined by Radaelli as

“spatially curved thin-walled structures able to transfer or

transform motion, force or energy through elastic deflec-

tion” [5]. This is quite a broad definition. In this study, a

reference geometry is specified, with some minimal features.
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Fig. 1. The geometry of a tape spring with its specific parameters:

radius r, thickness t, length l and subtended angle α.

Starting with the curvature, a minimum of one, trans-

verse curvature is required, resulting in a tape-spring shape,

as shown in Fig. 1. An optional extra could be another, lon-

gitudinal, curvature, resulting in a non-zero Gaussian curva-

ture. A second optional geometry feature could be a non-

constant cross-section, as studied by De Jong [10]. These

extra geometry features result in more design freedom in the

force-deflection behaviour of the mechanism.

The mechanism should be thin-walled, meaning that the

thickness is small compared to the other dimensions. The

absolute thickness, however, differs per material and de-

sign. The thickness is determined keeping the typical yield

strengths for the material groups in mind, enabling large

range of motion without plastically deforming [5–7]. For

composites, a reference thickness t in the range of 1.0 - 3.0

mm is chosen, whereas for polymers, a reference thickness t

in the range of 1.0 - 5.0 mm is specified. Regarding metals,

a reference thickness t in the range of 0.1 - 0.3 mm is spec-

ified. The thickness is assumed to be constant throughout

shell. The surface area of the compliant shell mechanisms is

assumed to be in the range of 200 - 500 mm by 100 - 200

mm. All these measurements are taken, keeping an optional

application of a human arm-balancer in mind.

2.1.2 Material

Following from the definition of a compliant shell mech-

anism, it should be able to elastically deform. This elas-

tic behaviour is hugely dependent on the chosen material.

This material choice, as one of the three factors in the de-

sign process, is mainly determined by the material proper-

ties. These properties can be selected based on the function

of the product, but also on their processability, taking into

account the geometry. Next to the material properties, costs

and availability can play a role as well. Firstly, current re-

search on compliant shells and their material choice is stud-

ied. Available materials can be categorized in the following

four groups: ceramics, composites, polymers, and metals.

As ceramics are not suitable for large elastic deformations,

this group is left out of consideration. For the other groups, a

selection of materials is considered in this study. This selec-

tion includes widely used materials, but do not contain the

only suitable materials for compliant shell mechanisms.

Fiber-reinforced composites are a very promising group

of materials. They combine the high stiffness of metals and

the high deformability of polymers [11, 12]. Fiber rein-

forced composites create also more design freedom, com-

pared to polymer and metal designs, as the fiber orienta-

tion and stacking can be altered, resulting in customized be-

haviour [13–16]. Different fibers can be used for reinforce-

ment (e.g. carbon, glass, aramide). For high deformability,

glass fibers are preferable, for their relative high strength and

lower stiffness [17]. It has also been shown that, under pure

bending, a fibre-reinforced polypropylene has fatigue-free

operation up to three million load cycles [18]. A downside

to glass-fiber reinforced composites (GF-RC) is the higher

creep sensitivity compared to carbon-fiber reinforced com-

posites (CF-RC) [19]. However, adding glass-fiber to a poly-

mer, reduces the creep and stress-relaxation compared to un-

reinforced polymers [20]. Besides fiber reinforced compos-

ites, other composite materials are possible, such as lami-

nated sheets or multi material molded parts [21]. However,

this is left out of consideration in this overview.

Polymers play an important role in compliant mecha-

nisms as well, because of their availability and ease of man-

ufacturing [12, 20, 22]. A material often used in compliant

shell mechanisms is polycarbonate (PC) [6, 12, 22]. There-

fore, this material is included in the present study. Further-

more, polyurethane is a very promising material for com-

plaint mechanisms, due to its high elastic energy storage and

large elastic strain limit [6]. Polyurethane (PU) comes both

as a thermosetting and as a thermoplastic polymer. In this

study, the thermoplastic polymer (TPU) is studied, because

of its better manufacturability.

Next to composites and polymers, metals are often used

in compliant mechanisms, due to their high yield strength

and their creep resistance. The ratio of the yield strength

with respect to the Young’s modulus should, however, be

sufficient. Both stainless steel, especially spring steel with

its high yield strength, is used for this application, as well as

titanium, both in production and simulation [1,2,6,7,20,23–

25]. The metals included in this study are therefore a (spring)

steel and a titanium alloy.

2.1.3 Manufacturing process

Lastly, the applicable manufacturing techniques have to

be determined. Starting point for the mapping of these tech-

niques is a literature research on methods available for man-

ufacturing shells, in the broadest sense. This research is con-

ducted in Scopus, using the search queries shown in Table

1.

This search resulted in 674 documents. From this set,

the irrelevant results are removed, firstly based on their ti-

tle, and secondly looking at the abstract. In the search

query, results containing ‘Core shell’ are already excluded,

as these results contain manufacturing methods of a certain

type of nanoparticles. Papers, regarding the following sub-

jects, are excluded as well: joining techniques, in depth mod-

elling (e.g. resin flow model, buckling prediction etc.), shells

from nature (e.g. shrimp shell), non-structural shells (e.g.

nanoparticles), shell mould casting, big, architectural build-

ing panels, LCD and other display panels, and design specific

papers. Besides this, sandwich panels are left out of consid-

eration, because these are primarily designed to be as rigid

as possible, making them not suitable for compliant mecha-
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Table 1. Search queries used in Scopus

Query Search keywords Search in

#1

Manufactur*

Fabricat*

Production

Title

AND

#2

Shell

(curved OR dished OR corrugated) sheet

thin walled structure

panel

Title

AND

#3

Casting

Deformation

Moulding

Molding

Composite

Powder

Prototyping

Forming

Extrusion

Shaping

Title-Abstract-Keywords

AND NOT

#4 Core shell Title-Abstract-Keywords

nisms. The remaining set consists of 98 search results. These

papers were further studied, including relevant references.

The resulting manufacturing methods are presented in

the following categories: Composites, Molding, Additive

Manufacturing, Casting, Deformation, Deposition, Machin-

ing, and Powder methods, based on CES EduPack [26].

2.2 Performance Criteria

All manufacturing methods have their (dis)advantages,

and therefore the best manufacturing method for each situ-

ation has to be determined separately. To make this choice,

the different processes are evaluated on several performance

criteria. Ideally, a fabrication process performs good on the

following properties:

• Productivity: In order to increase productivity and de-

crease operating costs, production (cycle) time has to be

as short as possible.

• Economic batch size: When choosing a manufacturing

process, the desired batch size should be tailored to the

economic batch size of the process, being the amount of

products that can be produced for a reasonable price per

product.

• Geometric freedom: Determining the solution space of

a design, the geometric freedom has to be sufficient to be

able to create the desired kinds of shapes. More freedom

results in more design possibilities.

• Accuracy: The accuracy of the manufacturing process

can be expressed as the deviation of the produced item

with respect to the desired, designed item. As bending in

compliant mechanisms plays a major role, the thickness

is considered to be the most influential parameter of the

design accuracy, because this influences the behaviour

the most.

• Process robustness: The manufacturing process should

be as robust as possible. Sensitivity for defects during

manufacturing, such as voids, fibre misalignment, non-

uniform fibre content, residual stress, springback, and

warpage, influences the process in a negative way, re-

sulting in decreased performance and need for (elabo-

rate) modelling to prevent the defects.

The order of the above mentioned properties is not neces-

sarily based on importance, but is arbitrarily chosen. The

metrics are chosen to ensure that both the economical factors

are taken into account (productivity, economic batch size), as

well as the technical factors (geometric freedom, accuracy,

process robustness).

To rank the different manufacturing methods with re-

spect to each other, a metric is introduced for each of the

properties. The metrics are divided into four different scores:

‘- -’, ‘-’, ‘+’, and ‘++’. For most metrics, the higher score

corresponds to good performance, however, for the metric of

economic batch size, this doesn’t hold. This metric repre-

sents the most feasible batch size for a certain manufactur-

ing technique. For geometric freedom, the main focus is on

the general shape of the shell, not necessarily on the design

freedom in thickness variation for example. The metric for

accuracy of the thickness of the shell is determined by the

variation introduced during manufacturing. The last metric,

process robustness, is a measure of how sensitive the process

is to imperfections, such as voids, residual stress, warpage,

spring back etc. Because all manufacturing techniques have

different difficulties to cope with, there is not a clear a priori

distinction within this metric. Instead, manufacturing tech-

niques are evaluated on aspects like the amount of imper-

fections that play a significant role and the amount of mod-

elling or other techniques needed to prevent such imperfec-

tions. The complete definition of the performance metrics

are shown in Table 2.

3 Results

Most of the found manufacturing techniques were fo-

cused on applications in the automotive or aviation sector.

This is explained by the frequent use of curved or complex

shaped body panels. However, another interesting applica-

tion found was the use in medical devices, both internal im-

plants [27] as external body supports [28–33].

An overview of the manufacturing techniques will be

given for each material group: firstly composites manu-

facturing techniques, secondly polymer manufacturing tech-

niques, and lastly metal manufacturing techniques. In Fig. 2,

all manufacturing methods discussed in this paper are shown.

3.1 Composite manufacturing techniques

Manufacturing techniques for composites materials are

very specific, such that a special distinction is made in the

manufacturing technique overview (see section 2.1.3). Com-

posites consist of a polymer matrix, and particle, fiber, or
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Table 2. Performance Metrics for manufacturing methods

Metric \Rank - - (Very Low) - (Low) + (Medium) ++ (High)

Productivity (cycle time) >1 hour 10-60 min 1-10 min <1 min

Economic batch size Prototyping (<10) Small (10 - 500) Medium (500 - 10,000) Large (>10,000)

Geometric freedom Single curved sheet Corrugations Double curved sheet Freeform surface

Accuracy (thickness deviation) >30% 10-30% 2-10% <2%

Process robustness Very Low Low Medium High

Fig. 2. An overview of the search result for composite, polymer, and

metal manufacturing techniques, which can be used for the produc-

tion of medium-sized compliant shell mechanisms. The manufactur-

ing processes are categorized in composites, molding, additive man-

ufacturing, deformation, deposition, and powder method techniques,

according to [26]. The starred and grey boxed manufacturing tech-

niques came up in the search results, but are not taken into account

in the comparison, as they are not suitable for the chosen geometry

and material or are still in the experimental phase.

some other kind of reinforcement. Most composite matri-

ces are fabricated with thermosets, however, thermoplastic

matrices are an option as well [34]. As most manufactur-

ing techniques are focused on thermosets, the exceptions are

mentioned in the description of the fabrication methods.

Prepreg Lay-up Prepreg lay-up is a manufacturing tech-

nique which uses polymer pre-impregnated (prepreg) fibres,

which are placed into a mold and vacuum bagged, after

which it is cured. This curing takes place in an autoclave.

Therefore it is also known as autoclave processing or the

vacuum bagging process [35]. An autoclave is an expensive

tool for curing the composite under pressure and heat. How-

ever, a lot of research is done on out-of-autoclave curing of

prepregs, showing promising results [36]. The prepregs can

take several forms. Prepregs can come in the form of individ-

ual fibres, tapes, or complete sheets. When using individual

fibres, it is possible to optimize the stress distribution, and

a variable stiffness can be achieved [37]. It can also be in

the form of tapes, as shown in [38]. The process for tape

prepregs is very similar to fibre prepregs [39], and can be

done manually (hand lay-up), or automatically.

Prepreg lay-up is highly labour intensive, with low pro-

duction rates, and because it is an open mold process, it is

less dimensionally stable than other, closed mold processes

[40,41]. Although there are some special prepregs with very

short curing times [42], in general it takes several hours to

manufacture a product. Besides this, other manufacturing

challenges are maintaining accurate fibre orientations, espe-

cially in the case of manual lay-up, preventing entrapped air

between layers, and warpage due to residual stresses [43].

An automated process reduces this variation, and can help

overcome some of these challenges, but the process robust-

ness is still quite low. The geometric freedom is very high

using prepreg lay-up, but wrinkling might be an issue in com-

plex shapes, as the prepreg has to be sheared to the correct

position. Cutting the prepregs is also a possibility, but than

the advantage of the continuous fibres is lost. The thickness

variation in this process depends highly on the shape, as the

thickness will change in corners/bends, causing “spring-in”

effect, in which the product does not cool down evenly re-

sulting in warpage [44]. The thickness variation can be of

the order of 10% [45, 46].

Roll wrapping is considered a distinct production

method by Mazumdar [35], but as it is very similar to prepreg

lay-up, the only difference being the cylindrical or round ta-

pered tool, this will not be considered separately.

Wet Lay-up Wet Lay-up uses, in contrast to prepreg lay-

up, ‘clean’, dry fibres, without impregnation. The matrix

material of the composite is first applied to the mold, after

which the dry fibres are added to the resin and impregnated

with the resin using a roller. This process is repeated, until

the desired thickness is acquired. By placing the fibres, there

is a lot of freedom in the process, just like the prepreg lay-

up [35].

The manual placing and impregnation of the fibres make

that this manufacturing process is even more sensitive to hu-
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man variation, decreasing the repeatability of the process.

Curing ussually takes place at ambient temperature and pres-

sure, instead of in an autoclave. This reduces the capital costs

of the process, but curing the resin at these conditions takes

usually several hours [47]. Overall, the performance of this

process is comparable to the prepreg lay-up.

Spray-up The spray-up process is very similar to the wet

lay-up process, but applying the resin and fibres mixed to-

gether in a spraying manner on a mold, instead of placing

them individually. This makes the process faster and less

expensive. However, the fibre volume fraction and the thick-

ness distribution is harder to control [35]. Another option

would be spraying resin onto an edge-shaped textile form-

work [48].

With respect to prepreg lay-up and wet lay-up, spray-up

is more suitable for higher volume production [40]. The me-

chanical properties, are due to the chopped fibres, less than

the fabrication methods using continuous fibres.

Filament winding Filament winding comes both in dry

and wet filament winding [35, 49]. Because the shape of the

product is round, closed (vessel) or open (pipe), it is not di-

rectly useful for the manufacturing of compliant shells, as

a lot of post-processing is needed to get to the minimal re-

quired geometry of a tape spring. This method will therefore

not be taken into account.

Pultrusion In the pultrusion process, prepreg fibres are

pulled through a die to create a specific, continuous profile

of constant cross-section. Due to the continuity of the pro-

cess, it can produce high volumes for low costs [35]. To get

to the final geometry, the profile has to be cut to the desired

dimensions.

The geometric freedom is limited, as only a straight, cor-

rugated profile is possible. The productivity, on the other

hand, is high, as this is a continuous process, resulting also

in a very constant quality [50]. The speed can be as high

as 1 meter per minute, depending on the geometry, with a

tolerance of a few percent [51]. There may be some defects

present, for example residual stress due to unstable curing,

or glass fibers on the surface of the profile [52].

Resin Transfer Molding The resin transfer molding

(RTM) process is a process with a lot of variants. The stan-

dard RTM uses a closed mold, in which a continuous fibre

preform is placed, which is filled with resin. This resin than

cures, after which the product is removed from the mold.

The RTM process results in high stiffness and strength, but

has low production and surface quality [53].

The RTM process has cycle times of 10 - 15 minutes

[54]. The typical production volumes is up top 10,000 units

[55, 56]. The products can be complex shaped, but care has

to be taken to the fibre placement. For complex shapes, 3D

shaped preforms are preferred, in order to prevent the fibres

from being displaced from their designed reinforcement pat-

tern [57]. Also, one should be aware of dry spots in the pre-

form, and make sure the resin is evenly distributed. RTM has

an excellent thickness tolerance, as it has a two-sided mold.

The accuracy is therefore much defined by the accuracy of

the mold.

Next to the standard RTM process, the process variant

high-pressure RTM (HP-RTM) exist as well. HP-RTM dis-

tinguishes itself by applying high pressure to the resin flow,

in order to achieve higher productivity by shorter cycle times

and better fibre impregnation. A disadvantage is that the

equipment is much more expensive: the injector has to be

able to inject faster, and the molds should be very precise to

prevent leaking [53].

Another variant on the RTM process is vacuum-assisted

RTM (VA-RTM). In this variant, the resin flows due to an

applied vacuum, instead of heat or pressure. This process

only uses a one-sided mold, as a vacuum bag is added on top.

This reduces the costs of the process. The vacuum also helps

to improve strength and reduce void contents [53, 58, 59].

The production volume is, however, somewhat lower than

the standard RTM [60]. Also, the accuracy is less, as only a

one-sided mold is used, resulting in a thickness deviation up

to 10% [61, 62].

Other processes, such as liquid resin infusion (e.g.

SCRIMP) [63], resin film infusion [64], and structural re-

action injection molding [35] are all very similar to the RTM

process or one of its variants. Therefore, these processes are

not treated separately.

Single step sheet consolidation of curved composites

(3S3C) Kazmi et al. introduces a new manufacturing

method: single step sheet consolidation of curved compos-

ites (3S3C) [65]. This method is a combination of com-

pression molding and resin infusion, and is able to fabricate

curved thermoplastic composites. This process, however, is

only described in that single paper, and is not evaluated fur-

ther on a bigger scale. Therefore, by lack of sufficient litera-

ture, this manufacturing method is left out of consideration.

Compression molding For compression molding of com-

posites, different types of raw material are sheet molding

compound (SMC), bulk molding compound (BMC), glass

mat thermoplastics (GMT), and prepregs [35, 53, 66]. Com-

pression molding of composites is very similar to the com-

pression molding of other materials, only containing rein-

forcement. The process has two molds, in between the mate-

rial is placed, after which the molds are compressed.

Compression molding of SMC of BMC is very similar.

SMC comes in the form of a sheet, while BMC comes in the

form of a rope. BMC typically has a lower fiber volume frac-

tion and shorter fiber length with respect to SMC, and there-

fore SMC, with better mechanical properties, is only con-

sidered in this study [35]. Compression molding of SMC be-

gins with cutting the sheet into blanks, which can be molded.

SMC can be molded in medium-high volumes, and has a

short cycle time and good surface finish. GMT is similar

to SMC, but is made from a thermoplastic matrix instead of

a polymer matrix.

The cycle times for compression molding can be less

than a minute [67]. This contributes to the fact that this
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methods is very well suited for production quantities that ex-

ceed 10,000 parts [68]. It is possible to create both com-

plex geometries as well as integrated functions, like inserts

or colouring [69]. While cooling the molded product, non-

uniform shrinkage can occur due to the complex geome-

try. The repeatability is very high, as the molds are of high

quality, and accuracy of the compression molded product is

high [70].

Compression molding of prepregs is done as well. The

prepregs are compressed and cured between to heated molds,

resulting in products of uniform thickness. This process

has a cycle time of 5+ minutes, equipment costs [71]. The

vacuum-assisted variant of this process performs better, as

it has less defects in the final product [53]. A combination

of PCM and SMC is also seen in literature, resulting in a

complex-shaped product [69]. This method will, however,

not be taken into account separately.

Injection Molding Injection molding thermosets can be

done using BMC, but thermoplastic injection molding is pos-

sible as well [35]. The process, in which the feedstock mate-

rial is heated and injected into a mold, has high-rate produc-

tion, but has lower mechanical stiffness and strength, due to

the shorter fibres in BMC [53].

With injection molding, almost every surface shape (e.g.

diffractive, freeform, nano structure) becomes feasible with-

out extra costs [72]. Cycle times range from 10 to 100 s

and are controlled by the cooling time of the melted plas-

tic [73]. The typical production volume for injection mold-

ing is very high, comparable to compression molding. High

quality molds are required, resulting in good dimensional tol-

erance. Like in compression molding, one has to be aware of

the possible shrinking, and take that into account when de-

signing.

Diaphragm forming Lastly, diaphragm forming can be

used to manufacture thermoplastic composites. This process

is similar to the thermoforming technique for plastics, heat-

ing a sheet of material using a heated diaphragm, and then

shaping it against a mold using air pressure. A design limita-

tion of this method is the constant thickness of the sheet [35].

A main issue when using thermoforming is the non-

uniformity in the part thickness. The thickness tolerance is

typically 10 - 20% [74]. The uneven distribution is a result of

the ‘freezing’ of the sheet thickness when it touches the cold

mold [75]. A heated mold helps to prevent this. Prestretch-

ing the sheet minimizes the part non-uniformity as well [75].

Warpage can be an issue as well, as the sheet is not cooled

evenly after the forming process. The cycle times of thermo-

forming are short compared to processes such as hand lay-up

and autoclave consolidation [76]. The production volume is

high, but for less quality molds a smaller batch size is possi-

ble as well. Complex shapes can be produced, but this will

influence the thickness distribution over the product. If only

drape forming is used, complex shapes with cavities need an

extra forming step to get to the final shape.

Table 3. Performance comparison of different composite manufac-

turing techniques, based on the ranks shown in Table 2. The four

different scores, ‘- -’, ‘-’, ‘+’, and ‘++’, indicate how good a production

process scores on that metric. Economic batch size is an exception,

as the scores for that metric indicate the most economical production

size.
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Prepreg Lay-up - - - - / - ++ - - - / -

Wet Lay-up - - - - / - ++ - - -

Spray up - - - ++ - - -

Pultrusion ++ ++ - + ++

Resin Transfer

Molding
- + / ++ ++ + +

Compression molding ++ ++ ++ + ++

Injection molding ++ ++ ++ + ++

Diaphragm forming - - / + + / ++ - +

3.2 Comparison composite processes

For composite manufacturing, the techniques are evalu-

ated in Table 3. Seven out of the eight manufacturing tech-

niques are capable of creating complex shaped geometries.

The economic batch size, on the other hand, has a broad

range of values, creating a good first step to choose the best

suited process. The economic batch size is large for all

the manufacturing techniques with high productivity. Fur-

thermore, as the repeatability is higher for all the high vol-

ume production processes, the accuracy is in general higher.

The manual techniques all perform worse than the automated

processes regarding accuracy, as well as process robustness.

This is due to the human variation factor that comes into play.

3.3 Polymer manufacuring techniques

3.3.1 Molding

Compression molding Polymers can be shaped using

compression molding, as described in section 3.1 for com-

posites manufacturing.

Injection molding Injection molding of polymers is pos-

sible, and is similar to the process of injection molding com-

posites. A description of the process is given in section 3.1.

Thermoforming Thermoforming is a very diverse manu-

facturing technique, that has several variants. Throne makes

a clear distinction between the different variants, divided in

three categories: one-step, two-step, and three-step forming

processes [77].
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The one-step forming processes are drape forming, vac-

uum forming, free forming, matched mold forming, auto-

clave forming and diaphragm forming. In drape forming, a

heated sheet is draped over a positive mold to get the required

shape. Vacuum forming uses a negative mold and a vacuum

pressure to shape the sheet to the mold. For free forming,

no mold is necessary, as the sheet is heated and shaped us-

ing only pressure difference. Opposed to drape forming and

vacuum forming, this method produces an uniform thickness

shell. Matched mold forming uses two matched molds, be-

tween which the heated sheet is shaped. This method is only

used for sheets too stiff to shape using the other techniques.

An alternative thermoforming technique is autoclave form-

ing, in which a sheet is pressed against an one-sided mold,

which is placed in an autoclave. Lastly, diaphragm forming

contains a heated diaphragm, that when in contact with the

sheet, is pressed against a negative mold. This method is

already explained in the composite section, section 3.1.

The two-step forming techniques combine one of the

above mentioned forming technique with a preforming tech-

nique, either pneumatic of mechanic. This helps reducing

the thickness variation in the product. Another two-step pro-

cess is pressure forming, which combines a vacuum on one

side of the sheet to draw it against the mold, after which a

pressure is applied to finalize the shaping process. This can

be useful for very stiff sheets.

The three-step forming processes are combinations of

the different preforming and shaping techniques. Because

these are not very distinct from the processes already men-

tioned, these will not be further discussed here.

The performance of thermoforming on the metrics listed

in section 2.2 is already described in section 3.1, under di-

aphragm forming.

Mold coating As compression and injection molding are

applicable only for mass production, there is also need for an

adaptable and inexpensive manufacturing technique to pro-

duce prototypes. This need is identified by Lee et al. [78],

in which a manufacturing technique is studied, that meets

this need: mold coating. In this process, a curved surface is

coated with a polymer solution, which is cured.

With mold coating, double curvature shells can be pro-

duced in very small batches. The production time of a single

shell depends on the curing time, which is roughly 10 min-

utes, making the total production time high, compared to the

previously described molding technologies. The mold coat-

ing process is based on draining the polymer under the effect

of gravity, so a freeform surface can be difficult to manufac-

ture, as the polymer solution can accumulate in cavities. The

final, uniform, shell thickness can be tuned by delaying the

moment of pouring the polymer solution on the mold, and

experiments show that the thickness deviation can be up to

10%. As this process is very basic, not much defects will

occur. But because it is a manual process, human variation

will play a role in the production.

3.3.2 Additive Manufacturing

Following the example of [23], the additive manufactur-

ing (AM) methods are divided into three categories: pho-

topolymerization processes, extrusion-based systems, and

powder bed fusion. From each of these categories, the ba-

sic working principle and an exemplary process will be dis-

cussed.

Photopolymerization process In the photopolymerization

processes, polymerization and solidification takes place

when a liquid polymer is exposed to UV-light, layer by layer.

An example is stereolithography apparatus (SLA).

Photopolymers used in SLA are cross-linked, opposed

to the branched molecular structure of injection molded ther-

moplastics for example. As a result, the photopolymers do

not melt and exhibit much less creep and stress relaxation

[79]. This is a good property for compliant mechanisms.

The polymers used in SLA are thermosets, and a require-

ment for the material is that is has to be UV-curable [80].

Therefore, the thermoplastic polyurethane and polycarbon-

ate are not suitable for this process. However, photocurable

polyurethane is available for stereolithography [81], as well

as polycarbonate-like materials [82]. As the material prop-

erties differ between the ‘standard’ polymer and the pho-

topolymer, this process will not be taken into account in the

overview.

Extrusion-based system The polymer is liquefied by heat,

extruded through a nozzle, and deposited in the right place

where it solidifies. An example of this is Fused Deposition

Molding (FDM). An alternative to using heat is a chemical

change that causes solidification. However, as this latter ap-

proach is less common, this study will focus on the former.

3D printing is known for its long building times. In

the case of FDM, this also holds. A study on optimizing

build speed shows that for different experiments, all build-

ings times were above 60 minutes [83]. The bigger the size

of the product and the higher the accuracy and filling den-

sity, the longer the build time. Due to this slow production

speed, the economic batch size is very small. This technique

is mostly used for prototyping or highly customized designs.

The geometric freedom in FDM is very high, as with support

structures complex shapes can be made. This process de-

posits the material layer by layer, resulting in a non-smooth

surface. Beside the smoothness of the surface, this also influ-

ences the properties, as they are anisotropic, which is a huge

drawback of this production process. The orientation of the

printed part is therefore crucial. The dimensional accuracy

lies between 0.1 and 0.3 mm [84]. The process is sensitive

for defects, mainly due to the cooling of the material after

extrusion, causing warpage. Next to this, misalignments of

print platform or nozzle can be a problem, as well as (partly)

clogging of the nozzle [85]. Also the process parameters

should be correctly adjusted to the material. The overall per-

formance of the process highly depends on the machine and

its settings.
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Powder bed fusion In powder bed fusion, the raw material

used is powder. The powder is placed layer by layer, which

is than joined together by melting or sintering the particles

or adding adhesive. Examples are Selective Laser Sintering

(SLS) and Selective Laser Melting (SLM). In the former, the

particles are not heated above melting temperature, but sin-

tered together, while in the latter process the particles are

heated above melting temperature, melting them together.

When melting the material, a higher strength is achieved, but

a downside is the increased heat affected zone around the

product, which results in inaccuracies [79].

The building times are usually longer than an hour for

this layer-wise process. Similar to FDM, this makes that the

process is best suited for prototyping. However, when in-

troducing line-wise heating with multiple lasers (instead of

point-wise with a single laser), together with a batch of prod-

ucts combined in one powder bed, this can increase the pro-

ductivity moderately [79]. The process is capable of produc-

ing complex shapes, as the powder bed is acting as support

for the sintered/melted material. The resolution for powder

bed fusion processes is better than for extrusion based sys-

tems, with a resolution of 40 - 120 µm, which is around 10%

of the order of magnitude of the reference thickness. Defects

to watch out for are once again the cooling related warpage

and partly dense products.

3.4 Comparison polymer processes

For polymer manufacturing, the manufacturing tech-

niques are evaluated in Table 4. For these six manufactur-

ing techniques holds that only one process is not suitable

for freeform surfaces, showing the good formability of poly-

mers. Furthermore, the economic batch size has a broader

range of values, creating a better starting point for the man-

ufacturing choice. In that respect these two metrics are very

similar to the composite manufacturing techniques. On top

of this, the productivity is highly correlated tot the economic

batch size, as low production time result in high economic

batch sizes. The process robustness is best for the high pro-

duction volume processes, as these processes have a high re-

peatability.

3.5 Metal manufacuring techniques

3.5.1 Molding

Superplastic forming In superplastic forming (SPF), a su-

perplastic metal sheet is heated to more than half of the melt-

ing temperature, after which it is possible to shape the sheet,

using standard thermoforming techniques for polymers. In

order for a metal sheet to be superplastic, there are three pri-

mary requirements: extremely fine grain size (less than 10

µm); high forming temperatures (greater than 0.4 Tmelt ); low

strain rates [86]. SPF is based on sliding grains past each

other, and the high forming temperatures are needed to allow

diffusion in the material [87]. This makes the process only

applicable to materials with specific superplastic microstruc-

tures, but titanium alloy sheets are available with the right

properties [88]. SPF performs good on dimensional accu-

racy, surface finish and creating complex shapes, incorporat-

Table 4. Performance comparison of different polymer manufactur-

ing techniques, based on the ranks shown in Table 2. The four dif-

ferent scores, ‘- -’, ‘-’, ‘+’, and ‘++’, indicate how good a production

process scores on that metric. Economic batch size is an exception,

as the scores for that metric indicate the most economical production

size.
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Compression molding ++ ++ ++ + ++

Injection molding ++ ++ ++ + ++

Thermoforming + - / + + / ++ - +

Mold coating - - - + + +

FDM - - - - ++ - - -

SLS / SLM - - - - / - ++ - / + - -

ing different functions [88].

One major disadvantage of SPF is the high cycle time,

which can be 2 hours [89]. These high cycle times are caused

by the low strain rates [86]. The economic batch size is

small to medium [87], and according to Chatterjee et al. [88]

roughly in the range of 100 to 10,000. Thinning occurs in

this process in the same range as thermoforming, being more

than 10% [88]. The geometric freedom and process robust-

ness is good, just like the thermoforming techiniques.

A process variant name quick plastic forming (QPF), de-

scribed by Guofeng et al. [89], is a superplastic forming tech-

nique, including an extra preforming step. It fits well in the

two-step forming processes of thermoforming, as described

in section 3.3.1. This process reduces the cycle time, as well

as the costs, as this might include more ordinary sheet met-

als.

3.5.2 Additive Manufacturing

Similar to the approach in section 3.3.2, a categorization

can be made for additive manufacturing of metals into cate-

gories. The categories ‘extrusion based systems’ and ‘pow-

der bed systems’ are applicable in the case of metals, but in

a slightly different manner. The basic principle as explained

in section 3.3.2 is identical, so only the differences will be

pointed out in this section.

Extrusion-based systems Metals can be shaped using

FDM, similar to polymer. The difference in production is

that, as the liquefaction of purely metal particles is hard, a

polymer filament is used with metal particles in it. The poly-

mer acts merely as a binder, and after printing the parts will

get a heat treatment, in which the polymer is removed and

the metal is sintered [90]. The filaments can have up to 85%
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of metal in them, but are not usually on offer with titanium

particles [91]. The properties of the process are similar to the

polymer FDM process, but on top of this, the need to remove

the binder and sinter the part might result in extra voids.

Powder bed fusion Powder bed fusion methods are more

often used for metal printing than extrusion-based systems.

For metal processing, there are even more powder bed fusion

systems available, namely electron beam melting (EBM).

EBM is very similar to SLM, only the method of energy ab-

sorption is different; instead of using a laser and material

absorptivity, an electron beam and material conductivity is

used [79]. As the working principle of EBM is based on ma-

terial conductivity, this only works with metals. The result-

ing scanning speeds are very high, but the accuracy is worse

with respect to SLM. An example of a titanium compliant

mechanism produced by EBM can be found in the work of

Merriam et al. [92]. The properties of the powder bed fusion

process are mentioned in section 3.3.2.

3.5.3 Deformation

Hydroforming Hydroforming is a manufacturing method

which uses a single die and hydraulic pressure to push a

metal sheet into the mold, profitable for low-medium vol-

ume production [93, 94]. Forming a panel this way can take

5 to 15 minutes [93], and thinning can be up to 30% [95,96].

Thinning can be reduced by lubrication, special materials,

annealing and preforming, but it is never eliminated [97].

Complex shapes are possible with hydroforming, but com-

plicates the selection of the appropriate loading path. Sim-

ulation techniques for determining the loading path are cur-

rently limited to simple shapes [94]. A suboptimal process

can result in wrinkling, bursting or unexpected thinning. Be-

sides this, one has to be aware of possible springback be-

haviour after the shaping process, which plays a bigger role

in materials with a relatively high yield strength.

Other, slightly different versions of hydroforming, such

as liquid impact forming and flexforming, are not discussed

in this paper [94]. Also, explosive forming, where the hy-

draulic pressure is obtained with an explosion, is not dis-

cussed here.

Single point incremental forming Single point incremen-

tal forming (SPIF), dieless forming, or incremental sheet

forming, is a manufacturing process in which a metal sheet

is clamped at the sides, and a computerized rotating forming

tool is deforming the sheet by locally pushing on the sheet in

an incremental way. This process is developed for the pro-

duction of prototypes or small batches [98–100]. A major

limitation of the process is the high production time, making

it unsuitable for mass production. In a case study for a metal

sheet part in a door panel for an airplane, a production time

of almost 2 hours is noted [101]. The geometries that can be

produced can have double curvatures, however, corrugated

structures are only possible if a backing plate is used. This

backing plate is a rigid piece on the back side of the sheet

that locally prevents deformations. Single-curved shapes are

possible if the sheet is clamped only on the flat sides. Thin-

ning in SPIF is very high and can be up to 70% [102]. The

defects that occur in SPIF are threefold [103]. Firstly, there

is sheet bending close to the major base of the part, which

can be solved through the use of a backing plate. Secondly,

elastic springback occurs after deformation, which can be re-

duced by optimizing the toolpath [99]. Thirdly, a so called

“pillow” effect is present in the undeformed material on the

minor base of the product, creating a concave curvature.

There are other variants on this process available, one

of which is two point incremental forming (TPIF), in which

a second tool or partial die is added at the other side of the

sheet to improve the process performance [100]. In TPIF,

springback can be reduced further by ‘squeezing’ and ‘re-

verse bending’ [104]. A combination of SPIF and stretch

bending is also possible, which results in an improved ge-

ometrical accuracy and sheet thickness distribution, and en-

ables changes in curvatures within one panel geometry [105].

Bending According to [93], bending can be achieved by

roller bending, press bending, or stretch bending.

Roller bending uses two rollers, between which a sheet

is rolled to the desired curvature. The thinning in roller bend-

ing is evenly distributed, resulting in a constant thickness

sheet [106]. Roller bending is a continuous process with a

very high production rate, typically running at speeds from 2

to 200 m/min, depending upon desired shape [107]. As the

development and optimization of the process is time consum-

ing and costly, it is best suited for large production volumes

[108]. The geometry has generally only an one-way curva-

ture. The curvature of this radius should be more than 200-

300 mm, otherwise press bending should be used [93]. The

production of a curved corrugated sheet is possible, when

using specifically shaped rollers [109].

Press bending is the process of pushing and folding the

sheet material. This process is typically used for one-way

curvature geometries only [93]. However, the typical bends

are very sharp, so this cannot achieve the tape-spring like

geometry. Therefore this manufacturing process is left out of

consideration.

Stretch bending can create geometries with a nonuni-

form one-way bent shape, in contrast with the roll bend-

ing and press bending processes. However, this process is

also not suitable for double curved geometries. With pre-

stretching the plate, net-thinning can be achieved, result-

ing in a constant thickness of the part [110]. According to

Cooper [110], the productivity is typically in the range of

3-8 parts per hour, and the process is suitable for processing

high volumes [93]. There may be some springback present in

this process, but this is largely eliminated due to the relative

uniform thinning and stress distribution [111].

A related process to roll bending is the English wheel.

This wheeling machine uses two wheels, in between which

a sheet is rolled back and forth to get the desired shape, en-

abling the production of double-curvature shapes. Conven-

tional wheeling is not very common, but a new method has

been developed [112]. However, this new method is still ex-

perimental, therefore this one is left out of consideration.
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A process combination of roll bending and incremental

sheet forming, called incremental roll bending, is described

by Yoon and Yang [113, 114]. This process combines the

flexibility of incremental forming and the continuous bend-

ing deformation of roller bending. This process is, however,

not taken into account during this study.

Die forming Die forming, press forming, or stamping is a

deformation technique, involving two dies: a negative and a

positive one. These two dies are pressed together, shaping

the metal sheet to the desired geometry. The major disad-

vantage is the cost of the dies, making the process only suit-

able for production of several thousands of parts [93]. The

forming time for a single part, however, is very low, as it in-

volves only one fast stamping action. It is possible to create

complex shaped parts with die forming, but that could mean

using a two-step stamping process, as shown for corrugated

structures by Choi et al. [115]. The thinning that occurs dur-

ing this process is highly dependent on the geometry, and can

range from 15 to 40% [115, 116]. Besides thinning, spring-

back can be an issue as well.

3.5.4 Deposition

Electroforming The technique of electroforming falls in

the category of deposition. With this technique, very pre-

cise shells can be formed on wax models, having complex

shapes [117]. However, this manufacturing technique is not

applicable to either steel or titanium [118], and is therefore

not considered.

3.5.5 Powder methods

Metal Injection Molding Metal can be injection molded

on standard injection molding machines, but some changes

have to be made to the process. A mixture of particles should

be used, including metals and a binder, which after injection

molding is sintered. However, manufacturing of the refer-

ence geometry (section 2.1.1) is not possible with metal in-

jection molding: the maximum dimension in metal injection

molding is 150 mm [119].

3.6 Comparison metal processes

For metal manufacturing, the different processes are

evaluated in Table 5. The AM processes are best suited for

small production volumes, as the production time is rela-

tively high. Due to, among other things, the layered build-up,

both processes perform very low on robustness. The geo-

metric freedom of these AM processes are very high, so any

desired shape can be build, within the building range of the

used machine. The range in geometric freedom for the metal

processes is broader, relative to the composite and polymer

processes, making these metric values, together with the eco-

nomic batch size, helpful in choosing a manufacturing tech-

nique.

Table 5. Performance comparison of different metal manufacturing

techniques, based on the ranks shown in Table 2. The four different

scores, ‘- -’, ‘-’, ‘+’, and ‘++’, indicate how good a production process

scores on that metric. Economic batch size is an exception, as the

scores for that metric indicate the most economical production size.

P
ro

d
u

ct
iv

it
y

E
co

n
o
m

ic
b

a
tc

h
si

ze

G
eo

m
et

ri
c

fr
ee

d
o
m

A
cc

u
ra

cy

P
ro

ce
ss

ro
b

u
st

n
es

s

Superplastic forming - - - / + + / ++ - +

FDM - - - - ++ - - -

SLS / SLM / EBM - - - - / - ++ - / + - -

Hydroforming - / + - / + ++ - +

Single point

incremental forming
- - - - / - + - - -

Roll bending ++ ++ - - ++ ++

Stretch bending - / + ++ - - ++ ++

Die forming ++ ++ ++ - - / - -

4 Discussion

The results of this study give a clear overview of the

main manufacturing techniques available for shells. For each

material group, a separate comparison is made between the

different production processes. In all these comparisons, the

repeatability for high volume productions is high, which re-

sults in good, constant accuracy. Economic batch size ap-

pears to be a good starting point for the selection of a pro-

duction process for every material type. As this is very gen-

eral for any kind of design, another metric should be taken

into account for compliant mechanisms as well: accuracy of

thickness distribution. This comes from the fact that for com-

pliant mechanisms, bending behaviour is very important, and

that is highly influenced by thickness deviation [5].

As the most used fabrication techniques are included in

this study, it gives a global overview of the available options

and their performance, and therefore creates a good first step

in choosing the right manufacturing technique.

Interestingly, no manufacturing techniques showed up in

the categories of Machining or Casting. For machining, this

might be explained by the high costs due to the amount of

waste material. Moreover, it is a technical challenge to use

the technology of milling on a very thin plate, as the plate

will be quite flexible. As regards casting, this technology

is not well suited for thin sheets, due to problems with the

material flow.

The results show that the economic batch size is highly

correlated to the productivity. This shows that processes with

high productivity are very well suited for high volume pro-

duction. An exception in this is stretch bending of metal
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sheets. For stretch bending holds that the productivity is not

high, but it is still suited for high batch sizes. This is probably

because stretch bending is often used for large curved panels

that have a good accuracy, close and consistent tolerances,

which are hard to manufacture using other techniques [111].

Furthermore, it can be seen that in general high volume pro-

duction have a good repeatability, resulting in high process

robustness. The possible defects are mostly getting rid of in

the designing of the process and the part, so therefore dur-

ing the process itself the parts will not be very sensitive for

sudden defects. However, care should be taken in the de-

signing of the process, because if the process is not correctly

adjusted, it will result in low quality parts. This could mean,

for example, that flow analysis might be needed for injection

molding.

The scope of the project is defined by a certain geometry,

a selection of materials, a limited amount of manufacturing

techniques, and only five performance metrics. In further

research, the study can be expanded in these areas.

Firstly, regarding the geometry, an optional extra that

would be interesting is a non-uniform thickness. This

non-constant cross-section would result in different force-

deflection behaviour, but different from the change in sub-

tended angle as described by De Jong [10].

Secondly, the material selection does not include all

promising materials for compliant mechanisms. One promis-

ing set of materials for compliant mechanisms not yet men-

tioned are Bulk Metallic Glasses (BMG). These materials

show a lot of potential, as they exhibit high yield strengths

and strength-to-stiffness ratios of almost twice that of most

high-performance crystalline titanium alloys [120]. How-

ever, they are not broadly available yet. These materials

can be 3D-printed [121], injection casted [120], but can also

be shaped with superplastic forming [122]. Furthermore,

polyurethane can also be reinforced, offering more possibil-

ities. Also, Neoprene might be an useful replacement for

polyurethane, because of its high elasticity and high fracture

toughness. PETG is sometimes used as well, as it is signif-

icantly easier to use in the thermoforming process due to its

lower glass transition temperature [123].

Thirdly, the manufacturing techniques described are also

limited, leaving several processes out of the overview. To

show an example, practices of printing technology are ap-

plied to 3D printing, resulting in the promising technology

of material jetting. This technology is not included in this

study. Also the 3D printing technology of SLA is promising,

but not included in the overview, due to the material selec-

tion in the beginning. This does not mean, however, that it

is not suited for compliant shell mechanisms, made of other

materials. Furthermore, the use of adaptable moulds, used

in stretch bending [124] and multi-point forming, is not dis-

cussed. This technique would increase the customizability of

the produced parts, but the accuracy of the mold goes down.

Lastly, the performance metrics used in this study are

not adequate in every design process. One might be the ab-

sence of an explicit metric on costs. Currently, the costs are

evaluated, only in an implicit manner using the metric Eco-

nomic batch size. Moreover, as the metric Productivity is

correlated to Economic batch size, this makes Productivity

somewhat redundant. Furthermore, the metric Process ro-

bustness misses a clear definition, complicating the evalua-

tion of the performance. An improvement could be to com-

pare the processes on specific defects resulting in inaccura-

cies in relevant properties, such as stiffness, yield strength, or

dimensional accuracy. For the metric of geometric freedom

holds, that the distinction used does not make a sufficiently

clear distinction between manufacturing techniques, as the

range of values is not very diverse. An improvement could

be to include the possibility of thickness variation in this met-

ric, as that can be an interesting property for manufacturing

processes. That way, thickness can be a design parameter in

compliant shell mechanisms.

5 Conclusion

This paper presents an overview of manufacturing tech-

niques that can be used for compliant shell mechanisms.

The resulting overview will help designers to select the right

manufacturing technique in each situation. The manufac-

turing techniques are presented in three different categories:

composite manufacturing techniques, polymer manufactur-

ing techniques, and metal manufacturing techniques. The

manufacturing techniques in each category are evaluated on

five different performance metrics: productivity, economic

batch size, geometric freedom, accuracy, and process robust-

ness. The starting point in selecting the best manufactur-

ing technique in composite and polymer manufacturing is

economic batch size, and for metal manufacturing both eco-

nomic batch size and geometric freedom.
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B
Twisted tape-spring

When taking a basic tape-spring, with a constant cross section, and no curvature added in the lon-
gitudinal direction, the negative stiffness behaviour of the tape spring during equal sense bending is
only present on a very short interval. In order to elongate this negative stiffness, different possibili-
ties are present. One is to introduce a varying subtended angle profile [7], another option is adding
longitudinal curvature. Both of these methods result in a more complex geometry (with respect to
the basic tape-spring). Another way of elongating this negative stiffness behaviour is by introducing
extra boundary conditions. Next to the rotational constraint on the y-axis, a rotational constraint can
be introduced in the x-axis (twisting of tape-spring before bending). The axis are shown in figure B.1.

Figure B.1: Tape spring axes

This constraint will result in a twisted tape-spring. This tape spring has a longer range of negative
stiffness, as can be seen in figure B.3a (for equal sense bending). The length of the tape spring is
important to normalize the twist at the end of it. The parameters used in this example are:

• Length = 5e-2 [m]

• Radius = 2e-3 [m]

• Thickness = 5e-5 [m]

• Subtended angle profile = see figure B.2

Figure B.2: Subtended angle geometry of simulated tape spring

The advantage of this approach for elongating the negative stiffness behaviour, is the basic geometry
of the tape-spring. After forming the transversal curvature of the tape-spring, the shaping of the
material is finished (no need to laser cut the geometry to get a varying subtended angle, or adding a
longitudinal curvature).
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46 B. Twisted tape-spring

If one side of the tape spring is considered being completely constraint, and attached to the earth,
the twisting moment on the other end needs to be constraint by an applied moment. By combining
two equally twisted tape-springs in a mirrored configuration, these twisting moments are cancelled
out. This way, they can easily be combined, without the need of changing the design to account for
this twisting moment.

The bending behaviour changes for different twist angles, resulting in a different negative stiffness
profile. In figure B.3a, the force-deflection behaviour for three different twist angles are shown. As
can be seen in this figure, the negative stiffness behaviour for larger twists is more gradual. What is
also interesting, is that by increasing the twist angle from 𝜋/10 rad to 𝜋/5 rad, the peak moment goes
down.
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Figure B.3: Force -deflection curves and energy storage of twisted tape springs

The area under the graph in figure B.3a is equal to the energy stored in the material. This total
energy stored is shown in figure B.3b. As can be seen, the untwisted tape spring has initially more
energy stored. For small twist angles, the difference in stored energy is, however, levelled, due to
the elongated negative stiffness. For the case of twist angle being 𝜋/2 rad, the total energy stored is
higher, as the residual moment at the rotation of 𝜋/2 rad is still higher than the others.

An interesting approach to these different force-deflection behaviours for the different twist an-
gles, is to combine the different behaviours as building blocks, to generate another force-deflection
behaviour, which is the sum of the individual tape-springs. An example is shown in figure B.4. In this
figure, the curves of the 𝜋/5 rad and 𝜋/2 rad twists are added together, to form the new force-deflection
curve, which has almost the same peak moment, but a longer range of negative stiffness.

Another approach can be to make the twist angle a function of the bending rotation, and in that
way changing the shape of the force-deflection profile. This would, however, have several design
challenges.
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C
Stacking overview

Stacking options
In figure C.1, an overview is given of the different stacking options. A subdivision is made based on
the radii of the tape-springs, with 𝑟ኻ being the top tape-spring, and 𝑟ኼ the bottom tape-spring.

Figure C.1: Overview of stacking options, with ፫Ꮃ as the radius of the top tape-spring and ፫Ꮄ as the radius of the bottom
tape-spring.

The configuration 𝑟ኻ = 𝑟ኼ is considered in chapter 3. This configuration is interesting, since this stack
consists of equal tape-springs which might be beneficial from an economical production perspective.

In chapter 2 the configuration 𝑟ኻ > 𝑟ኼ is considered. The vertical placement of the tape-springs can
be varied, as shown in the figure. The concentric configuration is studied in chapter 2, since this might
have some advantages due to the aligned primary compliance vectors.

The last configuration, 𝑟ኻ < 𝑟ኼ, is not considered in this thesis. It might not be a very efficient use
of the available space.

Length change
When folding a stack of tape-springs, the endpoints of each layer are translating with respect to each
other, as shown in figure C.2.

The different stacking options have all different relative length changes. Furthermore, the tape-
springs can be placed at different separation distances Δ𝑠 from each other, resulting in different relative
length change during folding.

For the concentric configuration 𝑟ኻ > 𝑟ኼ, the length change is explained in chapter 2. The resulting
length change Δ𝐿 is Δ𝐿 = 𝜃(𝑟ኻ − 𝑟ኼ).
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Figure C.2: Relative length change between layers of a stack of two tape-springs

For the configuration 𝑟ኻ = 𝑟ኼ, the length change is derived below. In figure C.3 a schematic is shown
of two tape-springs (in green and red) that are folded at an angle of 𝜃. The green lines represent the
straight parts of the tape-spring, while the red lines represent the folded region of the tape-spring.
Using some goniometry, the relative length change Δ𝐿 can be approximated by Δ𝐿 = 2Δ𝑠 tan ᎕

ኼ .

Figure C.3: Length change of parallel equal tape-spring.

In figure C.4 the length change divided by the separation distance, ጂፋጂ፬ , is shown. This function
goes to infinity when it approaches a fold angle of 180 degrees.

In figure C.5 a photo is shown of two equal tape-springs stacked on top of each other, folded at
180 degrees. It is clear from this configuration that the fold radii of the tape-springs are not equal,
and no relative length change can prevent this. The tape-springs are at this fold angle in a singularity
position.
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D
Simulations

D.1. Imperfection implementation
Introduction
In order for the simulation to converge, an imperfection has to be introduced. This imperfection
should be large enough to ensure the simulation of converging, but as small as possible, to prevent
other effects becoming dominant in the deformation behaviour. This chapter describes how the added
imperfection to the simulation is determined.

The imperfection can be introduced locally on the geometry shape, the material properties or as
an extra external force for example. Since a change in geometry is considered to be the easiest in the
production of the tape spring, this approach is taken.

There are different options of changing the geometry locally and consequently creating a ’weak
spot’ which enables the simulation to converge. One could locally change the thickness, radius, or
the subtended angle. It is chosen to change the subtended angle profile throughout the length of the
tape-spring, as this can be achieved relatively easy compared to the other options.

Method
Two different methods of varying the subtended angle profile are tried, one using a defined linear
subtended angle profile and the other using a random noise on the subtended angle profile.

Linear subtended angle profile
By changing the subtended angle throughout the length of the tape-spring, a weak spot is created.
One end of the tape-spring is subjected to a rotation around a point halfway the tape-spring length,
so the tape-spring is expected to buckle in the middle. By introducing the weak spot at this location,
it enables the simulation to find a solution for the applied displacements. The subtended angle profile
follows a linear profile from the ends to the middle, where it is the smallest. The geometry is defined
by the subtended angle at the outer ends and the decrease in subtended angle in the middle, as shown
in figure D.1.

Figure D.1: Variables of the subtended angle profile of the simulated tape spring

The smallest possible imperfection while still converging is determined by running simulations for
different values for the maximum subtended angle at the ends and the subtended angle in the mid-
dle. The maximum subtended angle values used are [180∘, 170∘, 160∘, 150∘, 140∘, 130∘, 120∘, 110∘],
and the subtended angle in the middle is reduced with respect to the maximum subtended angle with
[20∘, 15∘, 10∘], resulting in 24 different combinations. Initially, a reduction of the subtended angle in
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the middle of 5∘ was included as well, but since none of the ‘10∘ reduction’-simulations converged, this
was left out later on.

This grid search is done for both a tape spring which is placed with the centre of the transverse
curvature in line with the rotation point, as well as for a tape spring that is placed outward by 0.015𝑚.
The step size used for the fold angle 𝜃 in the simulation is 1∘, ranging from 0∘ up to 90∘. If a displace-
ment step does not converge, the step size is divided by two, up to a minimum size of 1/16∘. The
other parameters used are:

• length = 0.30 m

• radius = 0.02 m

• thickness = 2e-4 m

A schematic of the simulation is shown in figure D.2. In red the geometry is shown, the black line
denotes the arm which rotates around the positive x-axis at point A, and the light blue line indicates
the trajectory the second endpoint follows.
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Figure D.2: Deformed geometry of a tape-spring with linear subtended angle profile.

Random noise subtended angle profile
In the second approach a random noise with varying amplitudes up to 5% was added to the subtended
angle throughout the entire tape spring. The random noise ensured a varying subtended angle along
the length of the tape-spring, while the symmetry in the 𝑌, 𝑍-plane was maintained.

Results
Linear subtended angle profile
The resulting moments around point 𝐴 due to the folding of the inner tape-spring are shown in figure
D.3. Eight out of the 32 simulations converges to 90 degrees, while the others fail to converge between
a rotation of 10-20 degrees.

Two similar plots are made for the outer tape spring, shown in figure D.4. From the 24 different
simulations, only three converge: [130∘(20∘), 120∘(20∘), 110∘(20∘)] (the first number indicates the
maximum subtended angle, while the second value between brackets denotes the reduction of the
subtended angle in the middle).

Random noise subtended angle profile
The addition of the random noise enabled the simulation to converge to a solution as well. These
solutions were highly dependent on the noise that was added to the initial geometry. For some con-
figurations, the buckling occurred at one position in the middle around the rotation point, as shown in
figure D.5a, while for other configurations the buckling appeared in two distinct regions on the tape
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Figure D.3: Resulting moment-rotation diagrams for the simulations of the inner tape-spring
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Figure D.4: Resulting moment-rotation diagrams for the simulations of the outer tape-spring

spring, resulting in two completely different solutions, as shown in figure D.5b. This second deforma-
tion behaviour was never seen in experiments.

Furthermore, it was seen in some simulations, which initially formed two buckled regions close to
each other, the two buckled regions merged into one around the rotation point. This transition resulted
in a jump in the reaction forces/moments and endpoint displacements.

Discussion
Linear subtended angle profile
The simulations for the inner tape-spring seem to converge easier, so the simulation of the outer tape-
spring is limiting to the imperfection that can be added. All three converged simulations of the outer
tape-spring converge for the inner tape spring as well: [130∘(20∘), 120∘(20∘), 110∘(20∘)]. Since the first
geometry 130∘(20∘) has the smallest relative difference in subtended angle, this one is most suitable
for further analysis.

The moment-rotation diagram in figures D.3a and D.4a show a second moment peak/plateau for
the non-converged simulations. This is behaviour is different from the other simulations. To get an
idea of the source of this behaviour, the deformed geometry is studied for the different simulations.
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Figure D.5: Two different solutions for the deformed geometry of tape-springs with random noise on the subtended angle
profile.

The deformed geometry of a non-converged simulation is shown in figure D.6. For the non-
converged simulations, two instead of one buckled region is encountered at equal angles. From the
converged simulations, it is seen that initially two small buckled regions join into one region. However,
this does not happen for the more straight configurations. The imperfection added in the middle helps
in forming this single fold.
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Figure D.6: Deformed geometry of a tape-spring which does not converge.

Besides determining the minimally needed imperfection of the tape-spring for convergence, the
simulation data could possibly be used to determine the peak value for a perfectly straight tape-spring.
The peak moment in the moment-rotation diagram becomes bigger for smaller imperfections, and
extrapolation of the peak values of the converged simulations could be used to get an estimate of the
peak value for a perfectly straight tape-spring.

Random noise subtended angle profile
The random noise is a possible source of the unpredictable deformation behaviour of the tape-spring,
resulting in either one or two distinct fold regions. It is thought that the random noise can create some
local minima throughout the tape spring, which are more likely to buckle. If these buckled regions are
far away from each other, this could result in two distinct folds. Because merging these two folds in
the middle to reach a lower energy state would mean going through an intermediate higher energy
state, this solution is not found in many of the simulations.

Since the outcome of the simulations is highly dominated by the randomness of the noise, this
approach is not preferred in the analysis of the folding behaviour of a tape-spring. The geometry with
the linear subtended angle profile 130∘(20∘) is preferred.
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Conclusion
Two ways of introducing an imperfection to the tape-spring geometry are explored: having a linearly
decreasing subtended angle profile and a subtended angle profile with random noise. It was found that
the random noise added onto the subtended angle profile resulted in different diverging deformation
behaviours, making it unsuitable for determining the tape-spring behaviour. However, the linearly
decreasing subtended angle profile with a minimum in the middle of the tape-spring gives consistent
results, making it an useful approach to simulate a tape-spring. The smallest relative imperfection that
was found to converge both in the inner and the outer tape-spring is 20∘ on a tape-spring of subtended
angle 130∘.
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D.2. Force-deflection behaviour stack
Introduction
In this section, the different contributions of the layers in a stack are presented and compared to the
behaviour of a single, free-sliding tape-spring. The tape-spring configuration and boundary conditions
are shown in figure D.7.

Figure D.7: The tape-spring configuration with its boundary conditions, as derived from a potential upper arm support system.
Endpoint 1 is fully constrained, while endpoint 2 is free to slide in the ፲ᖤ-direction.

The tape-spring used in this section has the same geometry as the one considered in chapter 3.
The geometric parameters and material properties are shown in Table D.1. The separation distance in
the stack of two tape-springs is set to 2𝑚𝑚.

L t r E 𝜈 𝜌
[mm] [mm] [mm] [GPa] [-] [kg/m3]
260 0.15 19.9 210 0.3 7900

Table D.1: Dimension and material properties of tape spring

Force contributions
The moment around the shoulder joint exerted by the folded tape-spring can be divided into three
different contributions of endpoint 2:

1. 𝑀፱ᖤ , the moment around 𝑥ᖣ-axis;

2. 𝑀ፅ፲ᖤ , the moment exerted by the force in 𝑦ᖣ-direction, acting perpendicular to the arm;

3. 𝑀ፅ፳ᖤ , the moment exerted by the force in 𝑧ᖣ-direction, acting parallel to the arm at a small offset.

In figure D.8, the different contributions as well as the total moment are shown. The following data
is shown:

• Blue, dashed: the behaviour of a single tape-spring, which is free to slide along the arm;

• Blue, solid: The summation of the behaviour of two single tape-springs that are free to slide
along the arm;

• Red, dashed: the behaviour of the inner tape-spring of a stack, which is under compression;
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• Purple, dashed: the behaviour of the outer tape-spring of a stack, which is under tension;

• Black, solid: The summation of the behaviour of the inner and outer tape-spring.

As shown in chapter 3, the summation of the free-sliding tape-springs is almost equal to the summation
of the tape-springs in a stack that are under tension and compression. Furthermore, it can be seen that
the moment contribution 𝑀፱ᖤ of the inner tape-spring is negative, while the moment contribution 𝑀፱ᖤ
for the outer tape-spring is still positive. This agrees with the findings of Seffen [12], who states that
the end couple (𝑀፱ᖤ) of a tape-spring under compression (the inner tape-spring) reverses direction,
leading to compression in the free edges of tape near the edge.

The contribution of the force in the 𝑦ᖣ-direction is zero for the single free-sliding tape-springs, as
the tape-spring is free to translate in this direction. For the stacked tape-spring, these forces in the
𝑦ᖣ-direction are equal but opposite. Therefore, their contributions is very small. The little contribution
is due to the extra distance from the outer tape-spring from the arm, resulting in a bigger moment
contribution 𝑀ፅ፲ᖤ from the outer tape-spring.
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Experiments

E.1. Production tape-springs
Introduction
This chapter describes the production process of the tape-springs that are studied in this thesis. It was
chosen to fabricate the tape-springs out of stainless steel 1.4310, since it does not suffer from creep
and stress relaxation under normal conditions. The thickness of the sheet was chosen to be 0.15𝑚𝑚.
The sheet can be cut to the right size quite well. However, it is challenge for a sheet of this material
and thickness to shape it to a desired geometry, since it experiences high spring back behaviour. The
production process can be divided into two discrete steps:

1. Cutting sheet to size

2. Shaping sheet

These two steps will now be discussed separately.

Cutting to size
The cutting of the material can be done in multiple ways. It can be done by hand using a simple pair
of scissors, but to achieve more accurate results, a machine cutting process should be chosen, such
as water jetting or laser cutting. Since a laser cutting machine is available at the 3mE workshop of the
TU Delft, this process was chosen to cut the material to size. This process is very straight forward, but
you should be aware of warping of the material if a batch of closely placed parts are cut at once.

First, the radius was determined of the tape-spring. Using this radius, the required arc length of
the tape-spring was determined by multiplying the radius by the required subtended angle. This width
should be cut from the sheet. Since in the simulations an imperfection on the subtended angle was
introduced, this imperfection was also introduced in the geometry. The geometry is shown in figure
E.1.

Figure E.1: The geometry lasercut from the sheet material. The dimensions are shown in mm.

The total length of the tape-spring was set to 300𝑚𝑚. The last 20𝑚𝑚 on each end of the tape-
spring are cut at a constant width, since this part of the tape-spring would be inserted between the two
clamps, and therefore the subtended angle does not matter. The moment arm of the measurement
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setup was already constructed at a length of 150𝑚𝑚, so in order to keep the smallest subtended angle
at the rotational joint of the measurement setup (the location where the fold region will form), the
imperfection is placed with a slight offset of the middle of the tape-spring at 150𝑚𝑚 of the effective
deformed length.

In figure E.2, a photo is shown of the lasercut sheet. The sheet is at this point still flat.

Figure E.2: The sheet as it comes out of the laser cutting machine.

The radius of the tape-spring was determined prior to the lasercutting process. However, the actual
value of the radius after shaping the laser cut sheets was different, resulting in a actual subtended
angle of 95.1∘ at the outer ends and 80.5∘ at the smallest point of the tape-spring.

Shaping sheet
For a tape-spring the material should be circular shaped along one axis. To bend a sheet, conventionally
roll bending would be a useful method. However, due to the high spring back behaviour and the small
radius that is required, this approach is not feasible. As an alternative, a rolamite is used to bend the
material. A photo of the rolamite is shown in figure E.3.

The rolamite consists of one big roller and one small roller, held together with two sheets of stainless
steel 1.4310 of 0.1𝑚𝑚 thickness. The top and bottom plate are rigidly connected to each other. The
small roller has a diameter of 10𝑚𝑚. The flat tape-spring material is placed between the two sheets,
parallel to the small roller, after which the rolamite is actuated by hand to move through the assembly.
The tape-spring material is clamped between the two sheets, and is therefore forced around the small
roller. As a result a constant curvature along the longitudinal axis is formed. The resulting radius with
the roller of 10𝑚𝑚 diameter is 19.9𝑚𝑚.

(a) Front view of the rolamite (b) Top view of the rolamite

Figure E.3: Rolamite setup used for shaping the material.
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As can be seen in figure E.3b, the width of the top and bottom plate is limited, and the rollers as
well as the sheet materials stick out on both sides. The width of the top and bottom plate is 200𝑚𝑚,
the width of the big roller is 250𝑚𝑚, the width of the sheet is 305𝑚𝑚, and the width of the small roller
is 380𝑚𝑚. Not all the parts of the rolamite parts are wide enough to roll the tape-spring of 300𝑚𝑚.
This resulted in a small imperfection in the radius of the tape-spring. A little distortion could be felt at
the location on the tape-spring that was aligned with the edge of the bottom and top plate. This is not
considered a problem, because the ends of a tape-spring will not deform significantly during buckling.

The advantage of the used rolamite setup over a conventional roll bending machine is that the small
roller, around which the material is deformed, is supported throughout its length instead of only at the
ends. As a result, this roller can be made very small, while still capable of deforming the sheets without
bending of the roller itself.

In figure E.4, two pictures are shown of a tape measure before and after it is rolled in the rolamite.
An imprint of the cross-section in floral foam is shown in figure E.5. It can be seen that the cross-section
before it is rolled is far from circular. The sides of the tape-spring are straight, while the middle has a
curvature. However, after rolling, the cross-section has a constant curvature throughout the length of
the tape-spring. The effect of this change in geometry is shown in appendix E.4. How the curvature
can be determined is further explained in appendix E.2.

(a) Cross-section of an unrolled tape-measure. (b) Cross-section of an rolled tape-measure.

Figure E.4: The resulting deformation of a rolled tape-measure.

Figure E.5: Cross-section imprint in floral foam of the tape-measure after rolling (left) and before rolling (right) in the rolamite.
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E.2. Cross-section measuring
Introduction
The cross-section of the tape-spring has to be determined after it is rolled into shape. The approach
that is taken to determine the curvature of the tape-spring is similar to the approach of De Jong [7]
for determining the fold radius of a tape-spring. A photo of the imprint of a tape-spring in floral foam
is analyzed using Matlab.

Process
The process can be divided in the following five steps:

1. Take a picture of the imprint cross-section of tape-spring in floral foam

2. Measure the width of the imprint

3. Perform the following image processing steps on the photo so only the imprint pixels remain:

• Convert image to binary image (black and white), based on a threshold value (im2bw-
function)

• 2-D Gaussian filtering or blurring of image (imgaussfilt-function)
• Remove small objects from binary image (bwareaopen-function)
• Fill missed image regions and holes (imfill-function)

4. Fit circle on pixels

5. Scale circle to actual size, using the measured width of the imprint

Results
In figure E.6 the original photo taken of the floral foam after imprinting the cross-section is shown, as
well as the processed photo with the fitted circle on it.

Original Image

BW Image

Circle fit

Figure E.6: The original photo of the imprint (top) and the black and white image after processing (bottom) are shown. In the
bottom figure, the red line is a circle which is fitted to the imprint.
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E.3. Measurement setup
Design
To measure the folding behaviour, a setup is needed to fold the tape-spring in a quasi-static manner,
while measuring the required force for this deformation. A schematic drawing of the setup is shown in
figure E.7a. The setup consist of one arm (‘moment arm’) on which a moment is exerted. At the end
of this arm, the tape-spring is fixed (no rotation or translations allowed). The other end of the tape
spring is attached to a slider, allowing for longitudinal translation of the tape spring during folding. A
3D CAD-design can be seen in figure E.7b. Both the slider and moment arm are attached to a base
plate. For the moment arm, an extra bracket is introduced, to improve the stiffness of the axis.

(a) Schematic drawing of measurement setup (b) Design measurement setup

Figure E.7: Measurement setup

A more detailed view of the setup is shown in figure E.8. In this view, all the elements are included
and indicated. The input of the system is a displacement of the Almotion linear actuator, using the Q
Programmer control software. On this linear actuator, both a optoNCDT laser distance sensor and a
Futek load cell is mounted. The laser distance sensor measures the distance the linear actuator moves
backward, while the load cell is measuring the force in the wire. This wire is rotated around the axis of
the mounting arm, at a distance of 0.030 m. This distance can be used to get from the measured force
to the input moment on the moment arm (input moment = measured force x 0.030), as well as for
determining the rotation of the mounting arm from the displacement measured by the laser distance
sensor (rotation = measured displacement / 0.030).

Figure E.8: Measurement setup - Top view
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A short overview of the specifications of the different parts of the measurement setup is given
below:

• Linear actuator: Altmotion LT50-TR-G8-200, with a maximum range of 200 mm and a loadbearing
capability in the actuated direction of 1000𝑁;

• Laser distance sensor: Micro-Epsilon optoNCDT ILD1420-200, with a measuring range of 200
mm (from 60 mm to 260 mm), a linearity error of ≤ 0.08 − 0.1%𝐹𝑆𝑂 (Full scale output) and a
reproducability error of 8𝜇𝑚;

• Load cell: Futek LSB200, with a maximum, measurable load of 45𝑁;

• Wire: Strategy stamina, braided fishing wire (25 lbs).

• Linear guide: THK LM guide model RSR-7Z, with a sliding range of ca. 90𝑚𝑚

For the load cell, a Scaime CPJ Rail strain gauge conditioner is used as analog signal conditioner.
Furthermore, for data acquisition a NI USB-6002 is used, together with a LabVIEW environment on the
computer.

Construction
The moment arm and tape spring clamps at the linear carriages are 3d printed, by SLS of solid Nylon
(PA12), ordered at RapidPrototyping.nl. The baseplate is lasercut at the faculty of 3mE at TU Delft
from a white acrylic plate with a thickness of 6 mm. The bracket at the moment axis is 3d printed with
an Ultimaker 3d printer at the faculty of 3mE of TU Delft as well, using transparant PLA with an infill
of 20%. Two EZO F608H ZZ ball bearings with flange are pressed in the moment arm, one on top and
one on the bottom. A M6 shoulder bolt with 8 mm shaft, tolerance e9, made from EN 1.7220 Equiv.
alloy steel with an hardness of 33~38HRC, ordered at Misumi, is used as an axis in the moment arm.

Error analysis
Possible sources of error in the measurement setup are:

• sliding friction slider carriage

• strain in cable

• misalignment force sensor and force direction (both height and width)

• uncertainty radius of pulley

• play in carriage in z-direction

• slip in attachment point wire to moment arm

• geometric imperfections tape-measure

• Not perfect fit of clamp to tape-measure

• friction/backlash bearing
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E.4. Measurements
In figure E.9 the difference can be seen of the force deflection behaviour of the buckling of a measure-
ment tape before rolling it in the rolamite (green) and after rolling it in the rolamite (red).
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Figure E.9: M-᎕ curve unrolled non-circular tape-spring (green) and rolled circular tape-spring (red)

As can be seen, the peak value for the rolled tape-spring is much higher than for the unrolled tape-
spring. This has probably to do with the initially straight sides of the tape-spring, that do not store any
strain energy during folding. The flattening in the fold region stores the most elastic energy, but since
the outer sides of the tape-spring already are flat, no deformation energy is stored in this part for the
unrolled non-circular tape-spring. That is a possible explanation for the change in buckling stiffness.

Besides the higher peak value, the hysteresis is also decreased after rolling. This is apparently also
an effect of the non-circular cross-section.
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