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Abstract

Compliant Wren mechanisms (CWM) constitute specific compliant structures of particular interest. Derived from Wren mecha-
nisms, they can exhibit a large variety of motions, from quasi translation to quasi rotation. In this paper, the development of models
for the analysis and synthesis of CWM is considered. A kinematic model is introduced first to assess all possible motions when
used as an actuator. Then the static model and stress expressions are derived to help their design. These derivations are achieved
for two types of geometries, corresponding to the geometries of interest. CWM are filigree structures, whose manufacturing is
difficult to consider without additive manufacturing. A specific work on their production using selective laser melting (SLM) is
then achieved to ensure the reliability of their production. As a proof of concept, a pneumatically actuated component is then
developed and tested. It is composed of two CWM of different geometries. It offers the possibility to obtain translation and rotation
using a single pressure input. The developed models are investigated using finite element models and experiments using additively
manufactured structures.

Keywords: Wren mechanism, compliant mechanism, additive manufacturing, titanium

1. Introduction

The interest of parallel mechanisms is well identified
and exploited in robotic manipulation [1]. In addition,
specific motions can be generated with, for instance,
helical motion using 3-US mechanism [2, 3] or Wren
mechanism [4]. One has then the advantage of a parallel
structure in terms of stiffness, and at the same time the
possibility to adjust the mechanism kinematics for given
requirements [5]. The Wren mechanism was studied for
deployable and reconfigurable mechanisms [6, 7] and it
is of particular interest. The kinematic properties of the
Wren mechanism have been analyzed in details in [8, 9].
When the mechanism legs are not parallel, the mecha-
nism presents three infinitesimal motions and it has one
finite mobility, which is an helical motion with non-con-

stant pitch of its platform. The pitch of this helical mo-
tion can be adjusted between 0 and infinity depending
on the direction of the legs. We are thus interested in
this article by the finite motion of this mechanism, used
as a generator of screw motion of variable pitch.

In [4], the Wren mechanism was being used as a
structure for a rotary actuator, in combination with
pneumatic actuation. The Wren mechanism was then
designed and produced as a compliant structure in order
to benefit from the accuracy of compliant mechanisms
in combination with fluidic actuation. The implementa-
tion can be conducted either for small stroke by simply
using a chamber reinforced by a compliant Wren mech-
anism (CWM), or by integrating the device in a step by
step system [10, 11]. In biomedical context, design of
compliant actuators for needle manipulation using such
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10 mm

Figure 1: Prototype of pneumatic actuator for biomedical application
based on two 3D printed compliant Wren mechanisms.

an approach is of interest [12, 13]. This is our applica-
tion context in the paper (Fig. 1).

Two aspects need to be investigated in order to build
actuators with CWM. First, there is no model for the de-
sign of CWM. In [5] a compliant linear-rotation motion
transduction element is presented. In [14] a concept for
dissipating kinetic energy using arrays of CWM is intro-
duced. In [14], the FACT design method is applied to
design a non-conventional CWM. But to our knowledge
there is no model to guide the geometrical synthesis of
a CWM for given desired kinematics: the link between
the finite motion properties and the CWM geometry has
to be established. Second, a CWM is a filigree struc-
ture, with a complex 3D geometry as it can be seen in
figure 1. If produced with conventional processes, the
need of assembling several components will affect the
compactness, and also the stiffness which may impact
the specific kinematics of the structure. Additive man-
ufacturing (AM) is a natural choice given the freedom
of design. Selective Laser Melting (SLM) is well estab-
lished for the manufacturing of reliable titanium struc-
tures, that exhibit large elastic domain. SLM is indeed
a very potent technology for advanced manufacturing
but it also has inherent disadvantages: the layer-by-layer
process is challenging for fine, free-standing structures
with long aspect ratio and for structural transitions from
thin to bulky geometries [15]. Filigree structures suf-
fer especially from inherent process limitations like the
particle size of the used powder, the size and shape of
the laser melting zone and the inhomogeneity in the me-
chanical distribution of the new powder layer [16].

The paper therefore contains 2 contributions to de-
velop the concept of actuators based on CWM for pre-
cision engineering. The first one is the introduction of

models for the design, and the second one is AM strat-
egy for their manufacturing. In order to develop both
aspects, a proof of concept of actuator for biomedical
applications is considered. In section 2, the principle of
the developed component is introduced. Then in sec-
tion 3, models are derived to determine geometries of
interest for a given set of requirements. Two models
are elaborated to cover the large possible range of kine-
matics. In section 4, the determination of AM strategy
based on experimental approach is presented together
with the associated design for additive manufacturing
guidelines. The proof of concept of actuator for medical
applications is designed and tested in section 5, before
concluding in section 6.

2. Principle of the developed component

2.1. Clinical requirements and intended use

The component we develop is dedicated to image-
guided procedures. In interventional radiology, physi-
cians perform needle insertion in a patient body to sam-
ple tissues for diagnostic [17]. When X-ray based imag-
ing device is used to guide the insertion, the presence of
ionising radiations represents a safety concern for the
physician. It is then desired to control remotely the nee-
dle motion. Needle translation is needed, as well as the
needle self-rotation, as the needle bevel asymmetry can
be used to adjust the needle path [18]. For needle steer-
ing purpose, our goal is here to have a device that can
be used to translate and rotate the needle. Space in the
imaging device is very limited. Step by step motion as
performed in [13] is therefore selected.

Compressed air is available in the operating room.
We then desire to have a pneumatic chamber to develop
forces for the needle translation and rotation. Follow-
ing [13], the operating pressure is set to 3 bars, and in-
tended displacement and rotation are equal to 2 mm and
approximately 5◦. In soft tissues such as liver or kidney,
the needle is in interaction with tissues of very low stiff-
ness and the insertion forces are low [19], so they are
neglected during analysis.

2.2. Principle

Pneumatic actuation is interesting to ensure compati-
bility with the operating room constraints. Having only
one pneumatic chamber to control the two desired mo-
tions would be in favor of the component compactness.
A design based on a single pneumatic chamber is then
proposed. The component we consider is built upon a
compliant structure which is composed of 2 CWM, des-
ignated as modules 1 and 2 on figure 2. The 2 CWM
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Figure 2: Schematic view of the developed component

have opposite pitches, so they have both helical motions
but of opposite sense. The pneumatic chamber gener-
ates an axial force on the compliant structure to induce
the motion of the component output.

A mechanical stopper is used to control the output
motion, as schematically represented in figure 3. When
the input pressure is below a threshold pt, the output
motion is a translation, thanks to the combined motions
of the two CWM of opposite pitches. When the pres-
sure reaches the threshold, the upper part of the mod-
ule 1 is axially constrained by the stopper and the rota-
tion is compensated. Then, the increase of pressure only
causes the deformation of the module 2, as represented
in the figure 3, so a rotational motion is obtained.

3. Modeling of compliant Wren mechanism

3.1. Parameterization

A CWM is composed of n identical helical beams
connecting the base to the platform (Fig. 4). Their ar-
rangement is axisymmetric. The mechanism height is
denoted H. The arrangement of flexible beams is set by
the radius R defined as the distance between the mech-
anism axis of revolution and the neutral fibers of the
beams. The helical shape is set by the pitch p, such that
the angle γ = h/p (Fig. 4) and the beams have a rectan-
gular section with a thickness t in the tangential direc-
tion and width w in the radial direction as represented in
figure 4.

The set of parameters (n,H,R, p, t,w) defines the
CWM geometry, with the neutral fiber of each flexible
beam defined by

x = R cos
(

z
p

)
, y = R sin

(
z
p

)
, z ∈ [0; H] (1)

The length L of the beam neutral fiber can then com-

Pressure
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Module 1

R

T

Pressure

R T
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Module 2

R

T
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R T

pt

Overall motion

T

R

Figure 3: Rotation (R) and translation (T) of the two modules and the
desired overall actuator motion

puted by

L =

∫ H

0

√(
R
p
× dz

)2

+ dz2 =

√(
R
p

)2

+ 1 × H (2)

It is in addition interesting to define the inclination
angle α of the helical neutral fiber with the vertical axis
since this latter is the projection of a straight line on a
cylinder:

α = arccos
(H

L

)
. (3)

3.2. Kinematic model

For the design of a CWM, it is needed to establish
first the relationship between the axial displacement u
(Fig. 4) and the rotation θ of the platform. The plat-
form motion is made possible by the deformation of the
flexible beams under the application of an axial force N
on the structure. To be of practical interest, the CWM
must offer a significant lateral stiffness to have only one
degree of freedom. The flexible beams must then pos-
sess a small section compared to the platform radius:
(w, t) � R. The beam width is much larger than the
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Figure 4: CWM parameterization. Only one beam is represented for
sake of clarity.
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posed of two beams.
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(b) Parallel-spring stage as obtained
after rotation of the structure.

Figure 5: Similarity of Wren structure after unwrapping and parallel-
spring stage.

beam thickness (w � t) so the bending of beams pro-
vides the helical motion of the platform. The beams also
have a length L which is much greater than the thickness
t and width w: L � (w, t)

In these conditions, it is possible to analyse the CWM
by virtually unwrapping the structure to make it pla-
nar, and then analyse its kinematics. The structure is
then an assembly of flexible beams, which behaviour
can be inferred from the analysis of a parallel spring
stage as performed in [20]. The structure after unfolding
is represented in a simplified situation with two beams
in figure 5(a). The motions of the output elements in
figure 5(a) and figure 5(b) are similar. Thus we can
deduce the non-linear CWM kinematic relationship be-
tween the axial displacement u and the axial rotation θ
from the tangential motion f of the parallel spring stage
and its parasitic motion λ. These motions were analysed
in [20].

In fact, for a parallel spring stage, the motion exhib-

ited by the output element is parabolic. Its tangential
displacement f is related to the displacement λ in the
beam direction with

λ = −
3 f 2

5L
. (4)

This means the projection the displacement Rθ in the
base frame (Fig. 5(a)) is

Rθ = f cos(α) − λ sin(α) . (5)

So the output rotation θ is

θ =
f cos(α) − λ sin(α)

R
. (6)

Using again figure 5(a), the axial displacement u is

u = λ cos(α) + f sin(α) . (7)

The displacement f can therefore be determined by
combining (6) and (4):

f cos(α) +
3 f 2

5L
sin(α) − θR = 0 (8)

which gives two solutions

f1,2 = −
5L

6 sin(α)

cos(α) ±

√
5L cos(α)2 + 12Rθ sin(α)

5L


(9)

Thus u1 and u2 are obtained by combining equations (9)
with equation (7).

u1,2 = −
5L cos(α) + 6Rθ cos(α) sin(α)

6 sin(α)2

±

√
5L

√
5L cos(α)2+12Rθ sin(α)

L

6 sin(α)2

(10)

For both solutions, the relationship between transla-
tion and rotation can be represented by a set of curves
like the ones represented in figure 6. We can observe the
variety of motions that can be obtained with the CWM.
Two main regions are of particular interest. For small
inclination angle α of beams, the output motion is a
quasi translation. For large inclination angle α, quasi
rotation can be observed. Both behaviors are of inter-
est. For each of the two corresponding types of CWM,
we thus derive the force-displacement model, and the
maximum stress in the beams for the CWM design.
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Figure 6: Representation of possible relationships between the axial
displacement u and the rotation θ for different inclination angle α. The
curves are plotted for L = 40 mm and R = 12 mm, corresponding to
the prototype of figure 1.

3.3. CWM with small inclination angle

3.3.1. Stiffness determination
For small values of the angle α, the CWM is com-

posed of n curved beams that lie in a quasi-planar con-
figuration (Fig. 7). The application of the vertical load
N then mostly creates the bending of the beams. For
small inclination angles, we therefore assume the model
linking the axial load to the platform motion can be
derived by only considering the bending of the curved
beams.

A single beam is submitted to an axial load N/n. The

O

G
x/R
R

xL/R

Figure 7: Parameterization for CWM with small inclination angle.

bending moment M f then evolves along the neutral fiber
with

M f =
N
n

R sin
 L

2 − x
R

 . (11)

The vertical displacement along the beam axis u is then
obtained by integration of the relationship

u′′ =
M f

EI
(12)

with E the Young’s modulus of the CWM material and
I the area moment of inertia of the beam. One has then

u′ =
NR
nEI

∫ x

0
sin

 L
2 − x

R

 dx+A =
NR2

nEI
cos

 L
2 − x

R

+A

(13)
From the boundary condition y′(L) = 0,

A = −
NR2 cos

(
L

2R

)
nEI

(14)

so the vertical displacement is

u =
NR2

nEI

∫ x

0
cos

 L
2 − x

R

 − cos
( L
2R

)
dx + B (15)

u = −
NR2

nEI

R sin
 L

2 − x
R

 + cos
( L
2R

)
x
 + B (16)

With the boundary condition y(0) = 0:

B =
NR2

nEI

(
R sin

( L
2R

))
(17)

and finally

u = −
NR2

nEI

R sin
 L

2 − x
R

 + cos
( L
2R

)
x − R sin

( L
2R

)
(18)

The vertical displacement of the CWM under the ap-
plication of the axial load N is then equal to

u(L) =
NR2

nEI

(
2R sin

( L
2R

)
− L cos

( L
2R

))
(19)

which becomes when introducing the value of the area
moment of inertia I = wt3

12 :

u(L) =
24NR3

nEwt3

(
sin

( L
2R

)
−

L
2R

cos
( L
2R

))
(20)

The CWM axial stiffness Kc can therefore be expressed
as the ratio between the axial load N and the vertical
displacement u:

Kc = n
Ewt3

24R3

1(
sin

(
L

2R

)
− L

2R cos
(

L
2R

)) (21)
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3.3.2. Stress estimation
The stress in the CWM beams is expressed from the

value of bending stress for a beam under the deflec-
tion f :

σb = 3 | f |
Et
L2 . (22)

3.4. CWM with large inclination angle
3.4.1. Stiffness determination

When submitted to the axial load N, the CWM plat-
form exhibits an helical motion. The flexible beams are
then being submitted to bending, traction and torsion.
The CWM behavior is established by considering each
of the three solicitations separately, and then computing
the force-displacement relationship.

The bending stiffness of a parallel spring stage can be
approximated by [20]:

Kb =
24EI

L3 +
6FA

5L
, (23)

with I = wt3

12 and FA is the load in the direction of
the blades (Fig. 8). Here, the CWM is composed of n
beams, so each of the is being submitted to a tangential
force

Ft =
FT

n
=

N
n

sin (α) , (24)

and an axial force

Fa =
FA

n
=

N
n

cos (α) . (25)

Thus the bending stiffness of a single beam is

Kb =
12EI

L3 +
6Fa

5L
. (26)

The stiffness in traction of a single beam is equal to

Ktra =
wtE

L
. (27)

so the elongation due to traction is here equal to

utra =
Fa

Ktra
, (28)

Finally, the torsional stiffness of the beam is

Ktor =
4IG

L
, (29)

with G = E
2(1+µ) , E the Young’s modulus, and µ the Pois-

son’s ratio. The beams are submitted to a torsion angle
β equal to

β = arccos(v · v′) , (30)

α

αα

α

N FA

FT

Figure 8: Determination of the bending and traction load applied on
the CWM.

with
v = ROTx(α) × y , (31)

and
v′ = ROTz(θ) × ROTx(α) × y , (32)

where ROTx(α) corresponds to the rotation matrix for
an angle α around x and ROTz(θ) corresponds to the
rotation matrix for an angle θ around z. The expression
of β is therefore:

β = arccos(sin(α∗) sin(α) + cos(α∗) cos(α) cos(θ)),
(33)

with α∗ conjugated of α.

β

α

α

θ

O

P

P′
u

u′
w

v

x

z

y

x′

z

y′

w′w

v′
v

wβ

Initial configuration

of the beam end section

Figure 9: Estimation of the torsion angle β for given angles θ and α.

Using the principle of energy conservation, it is then
possible to determine the motion of the CWM. The
strain energy ED for producing a displacement f of a

6



L. Rubbert et al. / Precision Engineering 0 (2021) 1–14 7

single blade is

ED = Eb + Etor + Etra =
1
2

(
Kb f 2 + Ktorβ

2 + Ktrau2
tra

)
.

(34)
This energy can also be expressed as the product be-
tween Ft and the displacement f :

ED =
1
2

Ft × f , (35)

which leads to

Ft =
Kb f 2 + Ktorβ

2 + Ktrau2
tra

f
. (36)

One has then the relationship between the axial load N
on the CWM and the tangential deflection f the beams:

N
n

sin (α) =
Kb(Fa) f 2 + Ktor (β(θ))2 + KtraFa

f
. (37)

where θ is function of f see Eq. (6) and Fa = N
n cos (α).

For a given value of N, the tangential deflection f can
then be determined numerically. The CWM axial dis-
placement u and rotation θ can then be obtained using
Eq. (7) and (6).

3.4.2. Stress determination
The stress in the beams of the equivalent parallel-

spring stage during bending is

σb = 3 | f |
(

Et
L2 − Fa

π2 − 12
wt2π2

)
. (38)

The stress due to torsion is

σtor =
|β|tG

√
3

L
(39)

The stress due to traction is

σtra =
|Fa|

wt
(40)

For the design, we build a stress estimator by directly
summing these contributions

σmax = σb + σtor + σtra , (41)

This might be an overestimation as the location of max-
imum stresses is not necessarily the same for bending,
traction and torsion in case of a curved beam. In ad-
dition, these expressions do not integrate the possible
presence of stress concentrations, and the material sen-
sitivity to longitudinal stress or shear stress is not taken
into account by computing an equivalent stress.

4. Additive manufacturing strategy

The elaboration of an additive manufacturing strategy
for CWM includes the selection of adequate AM pro-
cess parameters and the identification of design guide-
lines so CWM can be produced with SLM. An iterative
experimental approach was adopted to elaborate this
strategy. The parameters of importance for manufactur-
ing appear to be i) the 3D-design in the axial direction
of the CWM, ii) the placement and orientation of the
structure on the building platform during SLM manu-
facturing, iii) the realization of the support structures to
the building platform and iv) the process parameters like
laser energy and scanning trajectory. Material, methods
and the derived design guidelines are introduced below.

4.1. Materials and methods
For the additive manufacturing, the 3D CAD mod-

els were designed with SolidWorks (2017 SP3, Das-
sault Systemes France). The support structures were
created with Magics (V21, Materialise) using adjusted
line support. The manufacturing of the parts was
done using a SLM 250 HL system by SLM Solutions
GmbH (Lübeck, Germany) with a building platform of
250x250 mm2, with integrated powder reconditioning
and sieving unit. A layer height of 50 µm was used
to print a pure titanium grade 2 powder (SLM-Solutions
GmbH) with a d50 of 41± 2 µm (Particle size analysis
with Helos/KF + RODOS + VIBRI particle size distri-
bution analysis set up by SympaTec GmbH, Clausthal-
Zellerfeld, Germany). The printing parameters were
100 W nominal laser power for the outer contour at a
scanning speed of 550 mm/s and 175 W for the inner
contour with a scanning speed of 833 mm/s. The 4-
mm hatching was done in a checker-board pattern using
100 W laser power and 550 mm/s scanning speed [21].
After the SLM process, the CWM were carefully de-
tached manually from the building platform. The sup-
port structures were then broken off at predetermined
breaking points and the contact points were machined
with a lathe. Finally, the complete CWM was sand-
blasted (EKRA Al2O3, 5 bar) to remove residual powder
on the surface and compact the surface.

4.2. Design modifications for SLM
SLM manufacturing of CWM requires the printing

of very delicate structures. Beam thickness needs to be
minimal in order to increase possible motions. As repre-
sented in figure 1, the typical beam thickness is less than
0.5 mm, with a large aspect ratio (1: ≥ 50), connect-
ing bulkier sections like the top and bottom volumes.
Therefore special care is needed to support the CWM

7
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beams. These beams with long aspect ratios must have
enough mechanical strength to withstand shear forces
applied by the re-coater for powder spreading during the
SLM-process. Therefore, support structures are hold-
ing them in place and also dissipate the induced heat
during the laser process. A first adaptation to the de-
sign schematically represented in figure 2 is the radial
displacement of the beams of module 2 with respect
to module 1. It is then possible to connect them to
the building platform with separate support structures
that do not interfere with the struts or with each other
(Fig. 10 and 11).

However, it is paramount that the support structures
are not too strong or stand on other struts in order to
avoid damaging the beams upon removal [22]. Fur-
thermore, the quick cross sectional changes in transition
from thin struts to the bulky rings is challenging due
to thermally-induced stresses. Therefore, in a second
adaption the top surface of the component is constructed
in a lightweight design and a smoothed cross section
change (Fig. 10) in order to minimize its volume and
the laser energy introduced into the layer thereby. All
upper, rotating struts are attached to the perimeter of the
end surface. This allows the top surface to be supported
by central structures that do not interfere with the beams
of the two CWM, see the blue pillars in figure 11. The
rather solid support structures of the end plate can be
removed easily by twisting, however, a roughness re-
mains on the inside of the top surface. Yet, the overall
design allows this surface to be machined with a lathe
in order to turn away the support remnants without dam-
aging the beams, thus creating a smooth contact surface
for the pneumatic chamber (Fig 12).

The CWM behavior is dependent on the mechanical
properties of the struts. The size and geometry of the
beams need therefore be accurately controlled. For the
bottom CWM (module 2 on figure 2), the inclination
angle of the beams is small. It is then difficult to con-
trol the thickness of the beams because of the unfavor-
able overhang. As the heat conductivity of the powder
bed located below the CWM is much lower compared to
the CWM structure itself, the laser energy is dissipated
insufficiently through the thin beams. This leads to a
slower cooling rate and therefore increased temperature
and volume of the melt pool. It was observed that this
effect leads to an unwanted increase of the beams thick-
ness. In early prototypes, the initial deviations reached
250-400 µm (>50% of an aimed thickness of 500 µm).
It was then identified that CAD model have to be scaled
down accordingly. With this pre-process modification,
deviations are lowered to only 50-150 µm (20%). Nev-
ertheless, the beams have a very coarse bottom surface

Figure 10: CAD rendering of the adapted, 3D-printable CWM in per-
spective (left) and top view of the light-weight end plate (right).

Figure 11: (left) CWM structure with support design ready for the
SLM building process: the blue pillars are support structures that
carry the horizontal end surface, the translation, lower beams and
the lower ring, yellow highlighted supports bear the rotating, upper
beams. (right) photo of a finished CWM structure after all support
structures are removed, however before sandblasting.

as it is common for the process.

5. Application

5.1. General architecture of the component
From figure 6, one can see that the rotation α obtained

with a CWM is controlled by the inclination angle α.
For small displacements around the origin, as encoun-
tered with compliant structures, the rotation is maximal
when α = 90◦ and is close to zero when α ≈ 0◦.

In addition, the inclination angle α also impacts the
axial stiffness of CWM. For same geometry of CWM
beams, following Eq. 24 and Eq. 25, a CWM with hori-
zontal beams (α = 90◦) has the lowest stiffness possible,
and on a contrary a CWM with vertical beams (α = 0◦)
has the highest stiffness.

The two modules of the actuator introduced in sec-
tion 2 can then be chosen based on these observations.
The module 1 depicted in figure 2 is a CWM with quasi-
horizontal beams. It is a low-stiffness CWM producing

8
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Figure 12: a) CWM in lathe for machining of the contact surface. b)
Contact surface before machining. c) contact surface machined and
sandblasted.

mainly a translation output motion when it is submitted
to a vertical force generated by a pneumatic chamber.
Conversely, the module 2 is a CWM with quasi-vertical
blades. It is a CWM with high axial stiffness producing
mainly a rotation output motion. The resulting differ-
ence of axial stiffness between the two modules makes
it possible to produce the translation and the rotation by
changing the amplitude of the axial force generated with
the pneumatic chamber.

Each CWM cannot produce a pure translation or ro-
tation. In order to ensure translation, we add as a design
objective in the design of the component that the para-
sitic rotation of the module 1 has to be compensated by
the rotation produced by the module 2 as it is mounted
on top of module 1 and it can have opposite pitch. This
means we set the total rotation of the component at pres-
sure Pt, for which the module 1 is reaching the mechan-
ical stopper (Fig. 2), to be equal to zero.

The design of the pneumatic chamber is quite decou-
pled from the the design of CWM in the component.
The chamber needs to be of annular shape to have on
one hand the needle going through the center, and on
the other hand the CWM placed around the chamber. A
simple design based on a succession of rigid and soft
rings is chosen, as depicted in figure 14. For the proof
of concept, the stiffness of rings is modified by choos-
ing materials of different stiffnesses. Multi-material ad-
ditive manufacturing is considered (Polyjet technology,
Stratasys) with use of VeroWhite Plus and TangoBlack
Plus materials.
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Figure 13: Particle size distribution of the used Ti powder grade 2.

Air flow input

TangoBlack Plus

VeroWhite Plus

Needle hole

Figure 14: Design of the pneumatic chamber.

5.2. Design of the component

The design objectives were introduced in section 2:
the desired translation and rotation should reach 2 mm
and 5◦ for an input pressure of 3 bars.

These objectives have to be fulfilled with a com-
pact device given the integration in a medical environ-
ment [17]. The maximum radius and height are set to
22 mm and 45 mm. The production with SLM con-
straints the thickness and width of beams in the CWM
to be larger than 0.5 mm.

The synthesis of the component was achieved iter-
atively, using these design objectives and constraints.
The CWM design parameters of the two modules are
indicated in tables 1 and 2.

The relationship between the axial displacement and
9
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Table 1: CWM parameters for the module 1.

n R [mm] L [mm] α [°] H [mm] p [mm/°] w [mm] t [mm] E [MPa] ν

4 21 27 83 3.3 0.045 2 0.5 106900 0.3

Table 2: CWM parameters for the module 2.

n R [mm] L [mm] α [°] H [mm] p [mm/°] w [mm] t [mm] E [MPa] ν

12 18.7 40 -11 39.3 -1.7 1.5 0.5 106900 0.3
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Figure 15: Displacement and rotation as function of the pressure with
the developed models and the FEM. Blue crosses correspond to the
FEM results. The red line corresponds to the motion of modules 1
and 2, the black line is due to the motion of the module 1.

the output rotation as obtained thanks to the developed
CWM models is represented in figure 18. The results
obtained with a finite element model (FEM) of the com-
ponent behavior, using Creo/Simulate (PTC, USA), are
also indicated on the figure. The displacement-pressure
and rotation-pressure curves are provided on figure 15.

Animation of the component displacement under ap-
plication of the pneumatic pressure is provided in the
attached video. In figures 16 and figure 17, the con-
figuration under the application of 2.7-bar and 0.57 bar
pressure are represented with the Von Mises stress in the
structure. For this situation, the FEM value is 764 MPa,
the maximum yield stress of the material being equal
to 750 MPa. One can notice from figure 18 that the de-

veloped models describe with a very good accuracy the
kinematic behavior of the component. At pt = 0.57 bar
(Fig. 15), which is the maximum pressure for which the
two CWM contribute to the total translation, the relative
errors in the estimation of the displacement is equal to
1%. The rotation is well compensated with 0.05◦ for the
analytical output axial rotation estimation versus 0.03◦

in the finite element simulations. When the module 1
reaches its maximum translation, for a pressure of 2.7
bars, the relative errors in the estimation of the displace-
ment and rotation are respectively equal to 4% and 14%.
The latter discrepancy is due to the parabolic relation
between rotation and translation. In terms of kinemat-
ics, the prediction is very well estimated as for the same
output rotation of 7◦, the error in the displacement is
less than 3%.

Figure 16: Von Mises stress distribution in the CWM1 at 2.7 bar.

In addition, the design parameters allow us to satisfy
the requirements with an axial displacement using the
module 1 equal to 2.3 mm. When the mechanical stop-
per comes into contact with the module 1, the rotation is
compensated (θ = 0.03◦ according to the FEM). The to-
tal rotation for a pressure of 3 bars is equal to 6 ◦ accord-
ing to the analytical model, which is above the objective
of 5◦.

10
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Figure 17: Von Mises stress distribution in the CWM2 at pt =

0.57 bar.
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Figure 18: Displacement-rotation relationship with the proposed com-
ponent. Blue crosses correspond to the FEM results. The red line cor-
responds to the motion of modules 1 and 2, the black line is due to the
motion of the module 1.

5.3. Experimental evaluation

The experimental setup is depicted in figure 20. The
prototype is rigidly mounted to the base. The axial out-
put motion u is measured with a laser sensor (OptoN-
CDT 2300 series, Micro-Epsilon) with 8 micron reso-
lution and recorded with a computer. The output axial
rotation θ is measured visually with a protractor with
a resolution of 0.5 ◦. The input pressure is controlled
with a circuit composed of a proportional valve (VPPM
series, Festo) for the pressure regulation and a fast 3/2-
way solenoid valve (MHE2 series, Festo) to trigger the
output. The air pressure delivered by this stage is mea-
sured with a pressure sensor (SPTW series, Festo). A
custom software running under a real-time operating
system (Linux Xenomai) is then used to adjust the pres-
sure level.

The measurements are performed as follows. With-
out input air pressure, the initial axial position and ro-
tation are recorded and defined as initial offsets. Then,
the pressure is increased by increments of 0.1 bar and
recorded with the axial position measurements in order
to determine the axial motion u. The angular output po-
sition is recorded manually with the corresponding pres-
sure to extract the axial rotation θ .
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Figure 19: Experimental measurements of the axial output displace-
ment and rotation

The results of the axial motion and rotation with re-
spect to the input pressure are indicated by red circles
in figure 19. The evolution of displacement and rota-
tion is in accordance with the model predictions. The
axial stiffness of the prototype appears however lower
than expected, so the total rotation of 9 ◦ is for instance
higher than expected. The difficulty to control the thick-
ness of flexible beams as observed in the previous sec-
tion (up to 20% decrease on the thickness) can largely
contribute to this stiffness decrease. In fact, if we con-
sider the particular case were all blades are 20% thinner,
the actuation pressure to reach a 9◦ rotation would be ac-
cording to the model equal to 2.7 bars instead of 5 bars.
The stiffness is then almost divided by two.

The kinematic behavior linking the axial rotation and
the displacement of the device is given in figure 21. One
can see the interesting accordance with the proposed
models and the FEM prediction. Thanks to the design of
the component, it is possible to get sufficient translation
and rotation for the application context. The translation
is obtained for a given range of pressure, and a pressure
increase allows to control the rotation. The two working
modes are obtained with a single input pressure.

11
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Laser sensor

Protractor

Pneumatic actuator

Output

Figure 20: Experimental set-up.

6. Conclusions

In this article, we investigated the modeling and pro-
duction of CWM. These compliant structures are of in-
terest for the specific motions they provide, which is il-
lustrated by the development of an actuator for biomedi-
cal applications. Kinematic and static models have been
developed so the designer can adjust the geometry of
CWM for given requirements. The accuracy of the pro-
posed models appears satisfactory when comparing the
model prediction to FEM results and the experimen-
tal characterization achieved for the biomedical applica-
tion. Two separate models have been introduced, each
one corresponding to a type of geometry of possible in-
terest. One perspective is to merge these models and de-
velop a fully generic description of the CWM behavior.
Another perspective concerns the combination of CWM
or the addition of other compliant structures to guide the
motion to get for instance a pure rotation as in [5] , or to
combine sets of flexible beams to suppress infinitesimal
motions as envisioned in [23].

Thanks to careful planning of the geometry and ad-
justments to the strengths and limitations of additive
manufacturing, the CWM structure could be manufac-
tured using SLM. The positioning of the support struc-
tures for mechanical and thermal connection to the con-
struction platform was particularly important. The laser
and process parameters were carefully worked out so
that the planned structure could be manufactured in the
specified geometric and thus mechanical specifications.
Various other approaches could be considered in the
future to improve the SLM-fabrication process further.
There are equipment based modifications, like e.g. finer
powders and lasers. Other approaches could be investi-
gated like automated design optimization, optimal ori-
entation of the part on the printing platform or special
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Figure 21: Comparison of the experimental actuator kinematics with
the analytical model and the finite element simulations.

support designs [22] as they were used in part in this
project. More advanced process approaches like pre-
process calculation of local process parameters [15] or
geometry [24] are commercially available. Approaches
using in situ online process control [25] are still a topic
of research. All these approaches have their distinct ad-
vantages but rarely one approach solves all problems, so
most likely combinations will be used in the future.

One field of application of the developed additively-
manufactured CWM is in medical and biomedical de-
vices. The currently rapid improvement of manufactur-
ing processes will make the CWM easier to manufac-
ture and widen the potential use cases. Therefore one
perspective is also to push forward the development of
CWM-based components for industrial or medical ap-
plications in the near future.
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[17] A. Pfeil, L. Barbé, B. Wach, C. R.L., A. Gangi, P. Renaud, Ob-
servations and experiments for the definition of a new robotic
device dedicated to ct, cbct and mri-guided percutaneous proce-
dures, in: IEEE Engineering in Medicine and Biology Confer-
ence, 2018, pp. 1708–1712.

[18] N. J. van de Berg, D. J. van Gerwen, J. Dankelman, J. J. van den
Dobbelsteen, Design Choices in Needle Steering—A Review,
IEEE/ASME Transactions on Mechatronics 20 (5) (2015) 2172–
2183.
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Appendix

Table 3: List of parameters and notations for the CWM modeling.

Parameter Description

Geometry
n Number of beams

H [m] Height of the CWM
R [m] Distance of beam neutral fiber to the axis Z

p [m/rad] Pitch
t [m] Beam thickness
w [m] Beam width
L [m] Length of the beam neutral fiber
α [rad] Vertical inclination angle of the beam

Kinematics
u [m] CWM axial motion
θ [rad] CWM axial rotation
f [m] Parallel spring stage lateral displacement
λ [m] Parallel spring stage vertical displacement

Material
E [Pa] Young’s modulus
µ Poisson’s ratio

Beam loading, deformations and stresses
I [m4] Beam area moment of inertia
N [N] Axial load on the CWM

Kc [N m−1] CWM axial stiffness
Kb [N m−1] Bending stiffness of one beam
Ktra [N m−1] Traction stiffness of one beam
Ktor [N m−1] Torsional stiffness of one beam

Ft [N] Tangential force on the parallel spring stage
Fa [N] Axial force on the the parallel spring stage

M f [N m] Bending moment along the beam neutral fiber
utra [m] Beam elongation due to traction
β [rad] Beam torsion angle
σb [Pa] Stress due to bending
σtra [Pa] Stress due to traction
σtor [Pa] Stress due to torsion

Eb [J] Deformation energy due to bending
Etra [J] Deformation energy due to traction
Etor [J] Deformation energy due to torsion
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