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ON THE EFFECTS OF FLEXIBILITY IN A QUICK
RETURN PLANAR MECHANISM

Giuseppe Catania, Alessandro Zanarini
Department of Industrial Engineering, University of Bologna, Italy
E-mail: giuseppe.catania@unibo.it, a.zanarini@unibo.it

Abstract. Flexible multibody dynamics is often approached in case of small "exible de-
formations by means of the “nite-element modelling method in component mode synthesis
techniques to reduce the size of the computations.

In this work, by means of proper shape functions bases, the elastic behaviour of slender
beams is approximated in its local axial and transversal displacement components. Attention
is paid to the inertial contributions to enhance the driving function. An ideal quick return
mechanism is here modelled with the meshless approach. The results of different modelling
choices are collected, to show how this shape functions based formulation can handle the
added "exibility by means of a small set of degrees of freedom and motion equations. Some
aspects are detailed and discussed.

Keywords: "exible multibody, meshless "exible components, shape functions, parame-
ter study.

,1752'8&7,21
As the operating speed of machinery or general mechanism increases, many vibration related
issues start to be revealed and a rigid body based description of the motion of the parts is
no longer suf‘cient to model the real behaviour of the machine. In the past tentative mod-
els might deal with "exibility by lumped parameters, but, while certainly better than rigid
body approaches, they were not really adherent with the behaviour of realistic components
with distributed "exibility. The distributed "exible multibody dynamics is often approached
in case of small "exible deformations by means of the “nite-element modelling method in
component mode synthesis techniqués?], which can deal with very detailed and com-
putationally expensive models, though reduced of size by keeping the contributions of their
lower frequency structural dynamics only. In these approaches the size of the motion equa-
tions can be high to include the distributed "exibility, otherwise the general description can
be poor as the speeds are raised, when the structural dynamics of lightweight components is
excited. The computational costs can be so high that FEM based approaches are more useful
for the analyses in speci“c critical con“gurations, rather than a whole simulation of the com-
plete transient dynamics or control problems. Therefore physics based, but more ef‘cient,
approaches are sought after for general "exible mechanisms.
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Figure 1. References and transforms for a generic pBinbn a "exible body

While the authors have already worked on kinematics dependant models of mecha-
nisms [3. 8], where the elasticity was lumped mainly in between the rigid parts, the approach
here used is focused on modelling the elasticity of each moving parts, giving a relevant con-
tribution on the whole system behaviour in the time domain9Ja(] a linearly independent
set of shape functions was introduced to continuously model the "exible components of lo-
cal reference displacements as a superposition of shape functions; a novel formulation of
the "exible properties of beam-like components then followed, with a reduced size motion
equation set and no restriction in the geometrical model.

In this work, this general approach is recalled frddnl[0] to introduce the modelling of
the "exibility by means of shape functions bases, compatible with the constraint conditions.
The elastic behaviour of slender beams is approximated in its local axial and transversal
displacement components, then superposed to the non linear rigid body motion of a general
mechanism.

An ideal quick return mechanism is here modelled with the meshless multibody system
formulation recently introduce®[10]. Proper attention is also paid to the inertial contri-
butions to enhance the driving function and obtain constant rotational speed of the actuated
body. The results of different modelling choices, in terms of elastic degrees of freedom (dofs),
are collected, to show how this shape functions based formulation can handle the added "ex-
ibility by means of a small set of dofs and motion equations.

The obtained parameter study can be used to automate the selection of a minimal approx-
imation basis of the "exibility, with advances for computational costs and general modelling.

YI(;,%/( 0%6 /,7(5$785(
The formulation to retain the "exibility of bodies adds the description inside a known formu-

lation, expanding therefore the knowledge of the mechanism with the dofs related to elastic
behaviour.



Typical formulation
In this paper,aswell asin [9, 10], the Floating Frameof Referencg11] approachwasfol-

lowed, heredepictedin Figurel. In it, apointP' onthei-th bodycanbereferencedo the
groundinertial systemas:

rp = Ro + Al up+ U (t) = Rp+ A" up+ Sq(h) (1)
where:
€ R, is the FFR origin location
€ Al is the2x2 FFR rotation matrix, de“ned by means of the rotation angle
€ uj is the constant position vector in FFR

€ Ul (t) is the vector of "exible contributions in FFR

€ S is the shape matrix in FFR

€ i (t) is the vector of elastic coordinates in FFR

$ 0(6+/(66 '(&20326,7,21 2) 7+( &217,1880

Within theassumptionsf smallde”ectionsandstructurallinearity, it is possibleto approxi-
matethe distributedelasticityof a componenby meansof a setof shapefunctions,properly
selectecascompatiblewith the boundaryconditions.Recallingthe procedureof assembling
manyfree bodieswith kinematicalconstraintequationsand Lagrangemultipliers, the "e xi-
ble bodiesare consideredasfree-freeandthe "exibility dofsareaddedovertherigid body
descriptionthusanexpansiorof the multibody systemdescriptionis obtained.More details
canbefoundin [9,10].

Basic conceptsof continuousshapefunctions
Theevaluationof the propertiesof the”e xible bodiesis basedn:

€ small "exible displacements in regards to the size of the body
€ deformation in the elastic region, according to Hookess law

€ separation of variables by using orthogonal in“nite basis functions, evaluated from the
vibrational response of a known standard problem:

vix,t) = (X)p(t) = r (X)pr (1) ()

r=1

€ the truncated base is already a good approximation of the displacement fuitic-

tions: |
v(x,t) = r (X)pr (1) 3
r=1
e.g. forfree-free boundaries, the-th (r =1, ..., n) bending basis function is:
_ cosh( ;L)Scos( (L)
'™ sinh ( ,L)Ssin( (L) (4)

r(x) = cosh( (x)+ cog (x)S ((sinh( ;x)+ sin( x))
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Advantages of continuous shape functions vs FEM
Continuous shape functions can offer:

€ C continuity of the displacement solution along the whole domain, e.g. axial &
traversal de”ections of a beam:

m n

u(x, t) = FPA(L) V(X t) = ROOPR(Y) (5)
r=1 k=1

€ easy selection of a minimal set of "exible basis functions for faster calculations
€ no need of interface modes like in Craig-Bampton condensation
€ no need of any mesh or mating grid requirements and re-meshing strategies
,03/(0(17%$7,21 ,1 7+( 3/%1¢(

As a proof of conceptthe modelingstrategyis organisedor planarmotion,whereeachfree

rigid body hasonly 3 dofs (Xi, yi, i). Theelasticdofs arethusaddedto describedspeci“c
de”ections, beingaxial (a) or bending(b) related.

Generalisedcoordinatesfor a”exible body
As in Equation §) the elastic motiomvg ; (x,t) = Wg; (t) can be expressed B’ p;, where:

NP = (2e))i oo CRte)i (2xe))i - (R(xp))i (6)

T
pr= ph® ... Pu® PAO ... PA(O) (7)
and the position of a poi in global coordinates of Equatiod)(becomes:
rei = foi + Ai s + Nfp (8)
written using the set of generalised coordinates foii ttie”exible body:

T
o= x i i P& oo P Pk B 9)
Constraints: an examplefor the revolutejoint

Therevolutejoint constraintsn the planeis realisedoy imposingsinglepoint coincidence
betweertwo pointsP; & Q; belongingto differentbodies now modelledwith thesetof
"exible modeshapes:

revy — I’(F;’i é rg’j =Tro,; t+ Ai %,i + Nippi é loj éAi 38’]- + N]-ij (10)

According to the generalised coordinates for elastic bodies, the Jacobian of the revolute
joint constraint can be expressed as:

—q = ! Bi i tNPpi ANP (11)
i



where the matrixB; can be de“ned as:

Ai _ Ssin( ;) Scoy i)

B= 77 cog ) Ssin( )

(13)

Motion equations

To obtainthe equationof motionthe Lagrangianapproactwasfollowed, which meanshat
the LagrangianfunctionL = T S U of the kinetic and elasticpotentialenergyof the free
bodiesis properly derivedto obtain generalisedorces, coupled,by meansof Lagrangian
multipliers,with the setof constrainforcescomingfrom the kinematicaljoints andthearray
of externalgeneralisedorces.

Kinetic energy. For thei-th "exible body, the kinetic energy can be expressed as

follows:
1

:EV‘

with integration over the volum¥; at locations of every point of the velocities ;. The
previous expression can be rewritten as:

T, e | fe, AV (14)

Li |
1
T = éq{T = BiTT | B, AN, dx d (15)
0 N; T A
where the terms inside the parenthesis can be expanded into the symmetric masMrfwatrix
of thei-th "exible body:

Li | Bi AiNi
M{ = iSi BiT BiTBi BiTAiNi dXi (16)
0 NiTAiT NiTAiTBi NiTNi

Elastic potential. Each body has a contribution to the potential energy with their
axial and bending deformations:

Li

1 1
Uief = > ;— at g p dVi = > EiSi i2+ Eilici2 dx; a7)
Vi 0
1
ef _ _ _ EiS 0  u(x,t)
Ui - E ui(xlvt) Vi (Xlut) 0 Eili Vi (Xi,t) dXI (18)
0
Introducing the following matrix notations,
P _ T T _ ES 0O ui(Xi,t) _ NP
Di - ( a(X))i ( b(x))i ’ C:I - 0 Eili ’ Vi (Xi,t) - Di pl: (19)



Figure 2. Quick return mechanism at initial position: a scheme

the elastic potential can be compacted in this form:

Li Li
1 1
Uief = é piTDiTCiDipidxi = ép;l' DiTCiDidXi Pi (20)
0 0
Li
whereK; = D, TC;D, dx; is the stiffness matrix of thieth "exible member.

0

Constrained motion equations. Some assumptions need to be outlined:

fanf of

L L L ok, R
A differential equation system for the constrained motion of a "exible multibody system is
obtained:

=K'g" = $Q°. (21)

T

f oo f o - a Vv e
qut qf Q+Q+Q (22)
o d =
or in matrix assembly:
T
f o f
M T(f) g - Q (23)

whereQ = Q% + Q¥ + Q°.



Table 1. Properties of the mechanism moving parts.

# Type Length Section Area  Section Area Moment Mass Inertia Moment
1  beam+"ywheel 150nm  3.142E-04m? 7.854E-09m* 0.368kg  1.26069%gm?
2 beam 400nm  1.767E-04m?2 2.485E-0am* 0.551kg  0.00735kgm?
3 slender beam 35Gm  3.848E-05m? 1.179E-10m* 0.105kg  0.00107kgm?
4 lumped mass - - 2.2065 0.00184kgm?

Table 2. Initial displacement and angular positions of the local reference frame in the mech-
anism moving parts.

X0 Yo 0
0.049608n -0.056250m 5.43512%ad
0.150000m -0.067712m 0.722734rad
0.13863Im 0.132288m -0.39729&ad
-0.022738n 0.200000m Orad

B WN P H*®

Table 3. Natural frequencies of the "exible component 3 in free-free condition.

Mode Flexural Axial

num. frequency frequency
1| 262.037Hz 7358.885Hz
2 | 722.314Hz 14717.76Hz
3 | 1416.024Hz  22076.654z

7(67 &%6( $ 48,&. 5(7851 0(&+%$1,60
The quick return mechanism selected to prove the approach is shownaniFig composed
of a rotating crankshaft (part 1), an oscillating beam guide (part 2), a connecting slender
beam (part 3), a sliding mass (part 4) and the ground (part 0). All parts are considered to
be made of steel, modelled by means of 7800m? for the density and of 2.07e+11 Pa for
the Young modulus. Revolute joint constraints connect part 1 and part 2 to the ground O,
part 2 to part 3 and part 3 to part 4. The moving tip of part 1 is connected with a revolute
joint in a prismatic constraint to part 2, leaving free the relative rotation and translation along
the oscillating guide of part 2, without added inertia. The slider (part 4) is then linked to the
ground by means of a prismatic joint. A massive "ywheel is rigidly attached to part 1. Inertial
properties can be seen in Talfor steel material, while the initial con“guration of Fiycan
be achieved with the positions listed in Tab.

The slender beam (part 3) can be modelled as being rigid or "exible. To outline the
effectiveness of the approach, part 3 was simply modelled by means of a very slender, homo-
geneous, uniform beam shape functions, so that the "exible behaviour is evident even from
within the displacement simulation plots. The displacement “eld was modelled by means of
a truncated set of the axial and bending related shape functions. The “rst three "exible body
modes are highlighted in Tab.
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Figure 3. External forcef 4(t) of Eq.@24) acting on the slider - part 4, and driving torque

M(t) of EqQ.(25) acting on the crankshaft - part 1, with =2 [rad/s], 1 stroke
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Figure 4. Externalforcef 4(t) of Eq.(24) actingon the slider - part4, anddriving torque
M (t) of Eq.(26) actingonthecrankshaft partl,with ;=20 [rad/s],2 strokes

Input shaping

An externalforce actingon the slider (part4) canbe de“nedin Eq.(24) asconstantin the
forward (active) direction and nearly null in the quick return phase with smoothand fast
cosinusoidaktepsat the beginningand at the end, as can be seenon the left of Fig.3 (1
stroke,1 Hz or ; = 2 [rad/s])andFig4 (2 strokes,10 Hz or ; = 20 [rad/s]), with
fa, = fa,,, =0.1N,fg, = fa,,, = 100N, t, = 0.15 tacive = trise astheactive
time fractionfor therisingstep,t; =0.25 tacive = tran astheactivetime fractionfor the
falling step,bothbasedon theforwardslidermotion.

Table 4. Externalforce andactuatorfunctionson the mechanisnparts.

# Type Starttime Endtime  Characterization Part
1 | speci“c force mapping| 0.000s 4/ 1s Eq.@4) 4
2 | speci‘ctorque mappingl 0.000s 4/ 1s Eq.@5 orEq.@6) 1
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Figure 5. Quick return "exible mechanism at time 0.08577 s and 0.10902 s. The operative
de”ection shape is shown with a 3 bending basis functions for the "exible body 3,
1 =20 [rad/s]

b U b+ boifa, + PeSln (18 cog (Skmd ),
b Sttt fa, + Pl (L ooy (i),
fat)= ty, <t<ty : fa: (24)

t> (tx, +tr): fay s
t< (txy Sti): fa,.
By means of the virtual power method7], a proper torque was shaped to obtain the
crankshaft constant angular velocity, without the inertial contributions:
Ma(t) = Sf7(Org 4t/ 1. (25)

The driving torque, of Eq4b) and Fig3, is applied on part 1 with; =2 [rad/s]. No other
external force is applied, as summarised in Zal/hile Eq.@5) can be roughly adequate for
the constant angular velocity target of the crankshaft in the forward direction of the slider, it
is not suf‘cient to equilibrate the inertial forces in the quick return phase, especially when
the crankshaft velocity increases. Therefore a newly shaped torque is needed:

M1 (t) =[ ST ()G, 4(t) + 76,1 () T mMarg 1 () + F& ()T mMarg ,(H) + 232 2+
+ G 3(t) T Mar s()+ ads 3+ ¥ 4() Marg () 1,

by meansof the virtual powerof the inertial generalisedorcesof therigid bodieswith the
assumptiorof crankshaftonstantvelocity andkinematicaccelerationandvelocities.

(26)

Simulation results
With theexternalforceof Eq.24 andtheactuatotorqueof Eq.26, thewholesystemdynamics
was simulatedin the time domainwith 500 divisionsfor the 2 strokes(durationof 4/ ;
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Figure 6. Simulated positions, velocities and accelerations of the part 3 centroid in the inte-
gration interval with rigid bodies for all parts, inertial torque compensation,
1 =15 [rad/s]
Local reference position - part 3 Local reference velocity - part 3 Local reference acceleration - part 3
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Figure 7. Simulated positions, velocities and accelerations of the part 3 centroid in the inte-
gration interval with a "exible body for part 3 (2 axial and 5 bending basis functions), inertial
torque compensation,; = 15 [rad/s]

s) and 4 different crankshaft speeds, which should be constant during the entire motion:
1=15, 1=20, 1 =25 and ; =30 [rad/s]. The discussion is focused on the
behaviour of the "exible body 3. For each of these speeds, the time histories of the rigid
dynamics are compared against those of the "exible dynamics, by means of grouped charts
of positions, velocities and acceleration in the two axes of the plane. The "exible dofs are

highlighted in the related “gure captions.
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Centroidal position - part 3 Centroidal velocity - part 3 Centroidal acceleration - part 3
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Figure 8. Simulated positions, velocities and accelerations of the part 3 centroid in the inte-
gration interval with rigid bodies for all parts, inertial torque compensation,
1 =20 [rad/s]
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Figure 9. Simulated positions, velocities and accelerations of the part 3 centroid in the in-
tegration interval with a "exible body for part 3 (3 bending basis functions), inertial torque
compensation,; =20 [rad/s]

In Fig.5 two simulation frames of the whole mechanism are shown, sketching the part
3 with a bended shape, which is evolving during the simulation. Especially in the returning
phase of the mechanism, the vibrations of the slender beam of part 3 appear to be consistently
described by means of the limited set of shape functions, retained in the truncated orthogonal
basis.
In Figure 6 the dynamics with all rigid bodies is faced at the lowest speed considered,
1 = 15 [rad/s] for the crankshaft. This is the reference to map the differences when
the "exibility is added by means of 2 axial and 5 bending basis functions for body 3, as
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Figure 11. Simulated positions, velocities and accelerations of the part 3 centroid in the
integration interval with a "exible body for part 3 (2 axial and 3 bending basis functions),
inertial torque compensation; = 25 [rad/s]

depicted instead in Figuré. From the latter it can be appreciated how the "exible dofs
appear excessive at this modest speed of the mechanism, since only one mode (“rst bending)
seems to be participating.

Figure8 is the new reference when the crankshaft speed is raised t020 [rad/s],
always for 2 strokes of the quick return mechanism. The “rst 3 bending related basis functions
are left to model the "exibility of body 3, which appears quite excited in the dynamics shown
in Figure9, especially for the “rst bending shape, with lower frequency contribution (recall
Tab3 for references).
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inertial torque compensation; = 30

When the crankshaft speed is further raisedta= 25 [rad/s], it was felt necessary to
add also 2 axial "exible dofs, beside the 3 bending related ones. The comparison between the
charts in Figured0 and11indeed manifests an added high frequency behaviour, especially
on the velocities and accelerations.

The same set of "exible dofs (2 axial and 3 bending related) was used at the highest
crankshaft speed simulated, = 30 [rad/s]. While in the slow forward motion ([0-0.06]s
range) the "exible mechanism behaves as the rigid one of Figre'om the fast returning
phase of the “rst stoke it is evident that the modelled "exibility in Figlifdescribes much
different phenomena, where the behaviour is dominated by oscillations as a mix of bending
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and axial de”ections. This clearly shows how the speed of a mechanism can change its
dynamic behaviour and how the proper modeling of the "exibility plays a crucial role in the
right understanding of the reality and simulation limits.

&21&/86,216

The simulations added in this work proved the concept for the meshless formulation of slen-
der beams for axial and bending de”ections, speci“cally giving evidence of how the raising
speed can be a relevant change on the behaviour of the same mechanism, which requires
therefore the proper modeling to retain "exible phenomena.

The proposed formulation give a lighter model than that from standard FEM and Craig-
Bampton reductions, though enhancements are needed for the sake of computational econ-
omy.

This work has shown examples of different selections of basis function contributions,
mixing bending- with axial- related structural dynamics. The best choice of the "exible dofs
is surely feasible for an automated process, for the minimal and most ef“cient selection. The
different modelling choices were tested on a quick return mechanism at different crankshaft
speeds.

Among the future developments, the validation of the procedure against other technolo-
gies, experiments and examples is felt as a priority. To develop further the methodology,
efforts are needed to extend the constraint library, to augment the internal and external gen-
eralised forces library and to improve the ef‘ciency of the calculations. To further prove the
effectiveness of the meshless approach, applications to a wider set of real industrial mecha-
nisms, 3D and anisotropic problems are awaited.
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ABOUT THE MODELLING OF TEETH MESH
FLEXIBILITY IN PLANETARY GEARS
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Abstract. Gear mesh "exibility is a varying and periodic quantity, which depends on several
geometric, motion and material parameters; in NVH and structural analyses of systems with
transmission problems this stiffness variability can play an important role on the design tar-
gets, such as sound quality and fatigue life estimation. Many times the tooth mesh "exibility
in gears is modelled by means of lumped parameters formulas obtained from literature or by
means of complex “nite element models of the contact.

In this work the roots of lumped parameters formulas were investigated, as a preliminary
and feasibility study for a potential research path in gear condition monitoring, noise source
& structural dynamics excitation modelling and transmission errors. Starting from the
kinematics of mating rigid teeth in planetary geawith a singlestage, thetime-varying
"exibility contribution of each de”ected pair is added with simple assumptions, resulting in
the parametric modelling of the torsional stiffness as a kinematics based periodic quantity.
Parameters were extracted from this approach, to explore a viable and computationally cost
effective geometry based method to model the torsional vibrations and transmission error in
planetary gears.

Keywords: teeth mesh “exibility, planetary gears, torsional vibrations, transmission
error, gear mesh kinematics.

,1752'8&7,21
Once the friction surfaces are substituted by means of geared wheels it becomes manifest that
the contact kinematics assumes a relevant role on the structural dynamics of the mated gears.
During the contact point motion on the tooth pro“le, it is clear that the part of the cantilever
beam, supporting the contact forces, varies. Plus, when two geared wheels are in contact, the
number of tooth pairs exchanging forces are also function of the evolution of the contacts.
There results that the gear mesh "exibility is a varying and periodic quantity, depending on
several parameters of different nature: geometric, motion and material related. This stiffness
variability can play an important role on the design targets, such as sound quality and fa-
tigue life estimation, in NVH and structural analyses of systems with transmission problems,
especially where many gears are gathered on the same transmission line, thus crowding the
dynamic signature of the whole system with time- or -kinematic dependent phenomena.

In the recent past the tooth mesh "exibility in gears was modelled by means of lumped
parameter models, better known as formulas to “t the problera][ but loosing the direct
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connection with gear mesh design, on the path to optimise the gear pro*“le for vibro-acoustic
and life prediction targets. Complex “nite element models have been built to investigate
the teeth contactg] 7] in detail, but they need a huge number of degrees of freedom (dofs),
re-meshing strategies and are generally computationally intensive.

The idea behind this work is to regain the connection to gear mesh design by means of
a kinematics based approach that describes the mesh stiffness variability, to be later “tted by
means of any functional series or polynomial, without the need of costly FEMs. Therefore in
this work the roots of lumped parameters formulas were investigated starting from the teeth
pro“le, the pairs in contacts and the structural contribution of each teeth. The output of this
basic work has to be seen as a preliminary and feasibility study for a potential research path
in gear condition monitoring, noise source & stuctural dynamics excitation modelling and
transmission errors3[9]. In details, the study is performed over a simple planetary gear
stage from the kinematics of mating rigid teeth; by means of simple assumptions, the time-
or kinematics- varying "exibility contribution of each de”ected pair is added, resulting in
the parametric modelling of the torsional stiffness of the whole stage as a kinematics based
periodic quantity. Parameters were extracted from this approach such as the eigenvalues, to
explore a viable and computationally cost effective geometry based method to model the tor-
sional vibrations and transmission error in planetary gears. The assumptions, the formulation
and results for the simple single stage planetary gearbox are discussed in detail, together with
expected future developments.

/1, 7(5%$785(
In the technicalliteraturetwo main streamsare pursued. The “rst tries, with a typical for-
mulation,to reproducepr curve-“t, the effectsfound on the stiffness,asfunction of angular
position[1.5]. The secondapproachis basedon FEM, with a greatcareof the contactar-

eag[6, 7].

Typical formulation
Amongwhatcanbe found, belowaresummarisedhe maintrendsin typical formulationfor
gearstiffness:

€ empirical formulas, e.g. Kuang & Yangd]f can model the stiffness of the tooth as the
contact is located atradius: }
K(r)= C[(Ao+ A1x) + (A + Asx)%
where:
Ao = ago + ao1Z + appZ? + apsZ?
A1 = agg+ anZ + appZ?+ a;pz3
= apo+ anZ + apZ?+ apZ®
A3 = agy+ agZ + agZ?+ agZ?
C anda; are constants to be determined for each gear mesh (thus the question on how
with speci“c variations)x is the correction ratiom is the module of the wheeZ, is
the teeth numbeR is the pitch or primitive radius.

>
N
|

€ simple formulas, to represent the stiffness variability as a rectangular or trapezoidal
wave with mesh period, =2 / , as mesh frequency.
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Figure 1. Meshes of paired teeth for contact analysis by means of FEM.
Sources: 10], metsindia.com, ww3.cad.de

€ Fourier series formulas (e.gl(..13]), to model the stiffness of the tooth pair as a
periodic function, by means of a sum of the constant tegwith variable contributions
ky (1), later expanded in series, witlas evolutionary variable arldhe domain span:
k(t) = kg+ ky(t) = kg+  o-; KSsSin(Z-t) + k§cogZ-1)
whereky = 2 Jk(t)dt, kS = 2 k(t)sin(Z-t)dt, k§ = 2 | k(t)cog Z-t)dt are
Fourier coef‘cients, or:

K(t) = kg+ dse’® !+ c.conj. when complex exponential are used instead.
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Figure 2. Exampleof a singlestageplanetarygearandits scheme

The latter seemssuitablefor any stiffnessmodel, thereforecanbe takenasa referencefor
thetaskof thiswork, where,instead gffortsarefocusedo build a simplegearmeshstiffness
model.

FE contactmodelling

The precisegeometryof the teethmeshhasbeenanalysedby computingintensie “nite
elementmodels,asthoseshownin Figure 1. Critical aspectsare manifestthat preventthe
easyusageof FEM:

€ size of the FE models: each wheel needs its proper “ne mesh, with thousands of nodes,
especially on the contact surfaces;

€ pairing of moving meshes: during the contact evolution, the point-area on the de”ected
pro“le where the teeth mate themselves is moving, therefore any constraint equation
need complex parametrisation to take care of the exact boundary conditions and nodes
in the peculiar position;

€ re-meshing issues: a means to limit the boundary condition parametrisation might be
the regeneration of the FE mesh in each gear position, to be sure that nodes are facing
each other on the mating tooth pairs, but this requires a great managing of the results
in the different meshes;

€ reduction issues: to overcome the size of the models, redutcion strategies can be
adopted by means of “nding a dynamically equivalent truncated modeshape base as
in [14], but again with attention paid to the moving contact;

€ easily non-linear: to better model the deformation of each tooth it might be useful to
evolve the FEM into the non-linear approaches, though even more expensive;

€ costs: following the contact evolution with accurate and highly detailed FE models
appears to be computationally expensive.
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Figure 3. Basic concepts of teeth pro‘“le construction

While FE models can “nd their place in designing the teeth for challenging transmissions,
it appears to the author infeasible to adopt such formulation for the study of resonances in
planetary gears.

67$57,1* )520 $ .,1(0%$7,&6 %$6(' $3352%&+
The basicidea here proposedis to “nd a simple model of varying stiffnessgiven by the
tooth pairs,asfunction of the kinematicpositionwhenthe wheelsare supposedo berigid.
Thereforeheelasticityintroducedwill notchangeheexactsolutionof therigid bodymotion,
butwill beinsteadusedto mapthevariability of the problemaroundthede“nedlocations.

Recall of basicconceptsin involute geartooth contacts
Whenapproachinghe modelingof the singlestageplanetarygearof Figure2, arule for the
generatiorof theteethpro“le hasto be chosen.Therefollows the selectionof the transmis-
sionratio , of thepressurengle andof thetoothmodulusm to generatehe gearmesh.
In the exampleof Figure2 the crownwheelis “xed ( 3 = 0) andno correction(x = 0) has
to be considered.

With the quantitieshighlightedin Figure 3, the location of the point P on the tangent
to the basecircle of radiusry, (alsonormalto the pro“le) canbe de“ned by the following
relationsfor standardnvolute gears:

r=r rb/cos(v)

tan( ) S

E ; i SS > = (r)= tan(acoqrp/r)) S (acoqrp/r)) (1)
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Figure 4. Teeth involute pro“le, single geared wheel and 1 stage gearbox assembly
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This parametric relation is for an in“nite growing involute curve, as in in Figyreop left

4 topright picture,with addedroundingatthefoot of thetooth,insidethe
basecircle. Basedonthekinematicsdescribedy Eqsi-2, all theteethof theplanetarygears
“nd the properdesignandright assemblyasin Figure4 bottompicture,wherethe contact
lines(ri, andr,3) betweerthegearshavebeendrawnin this gearedvheelcon“guration.

The contactline becomesusefulto de“ne the angularpositionswherethe matingtooth
pair meetsand leavesthe contacton the pushingside,ascanbe seenin Figure5. Thetop
circlesof eachgearedvheelintersectwith the contactline: the greencircle of wheel2 meets
thered contactline wheretheteethstartthe mating,while the blue circle of wheell crosses
theredcontactine wheretheteethleave the pairing, showingthelimit phaseshatareactive
for thetransmissiorof a singletoothpair. But from the geometryof Figure5 it is possibleto
appreciatalsothe presencef morethanonematingpair alongthe wheelrotations.

&217%$&7 67,))1(66 ,03/(0(17%$7,21 :,7+ 6,03/( $668037,216
In orderto modelthetooth contributionto the torsionalstiffnessof thewhole gearedvheel,
somesimplifying assumptiorwereintroduced. The Eqs1-2 havedescribedhe tooth with
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6, the height of the section
orthogonal to the tooth axis can be simply evaluated:

SA = 2T contact SiN[( S2 contact )/ 2] (3)

while the distance from the rigid hub of the wheel, where the cantilever beam can be consid-
ered constrained, is:

hcontact = rcontact Coq( é 2 contact )/2] é rfOOt (4)

The basic assumption consists in considering only the contribution of a beam with con-
stant section from the contact point to the foot of the tooth, therefove o, dimension,
wherew is the width of the wheel. The section inertia becomes:

Ja = wsi/12 (5)

With this simple assumption the mass over the contact point is not considered, as well as the
material that is shaved from the real pro“le when taking a beam with constant section that is
enveloped by the real pro“le. The compromise taken should not alter boldly the in"uences on
the natural frequencies of the entire system. Future enhancements might take care of better
assumptions, e.g. considering the functionally tapered section.
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7 and 9 the torsionalstiffnessresulting
from Equation9 hasbeensketchedalongthe rotation,showinga markedvariability during
thecontact;also,thevariability hassomedifferencein the shapesgependingpnwhich mated
wheelsareconsideredn the planetarystage linked to the numberof matedteeth.In Figure
8 and 10 the numberof matedpairsarethusshown:while they both havea numberof pairs
betweenl and2, the meanvalueis markedlydifferent,beingthe “rst closeto 1.4, while the
seconccloseto 1.9, which meansa bettersharingof theload amongthe teeth,with a strong
dropwhenonly onepairis in contact;besidesthe smoothshapeon the top of Figure9 is
quitesimilar to thatof Figure7, exceptfor thedrasticdropquotedabove.

'<1%$0,&6 2) $ 3/$1(7%$5< *($5%2;
The abovementionedvariability of the torsionalstiffnessof the contactshaseffectson the
dynamicsignatureof the planetarygearsingle stage. As in [15..17], a kinematicsbased
variability of the eigenproblencanbe addressed.A lumpedmodel of the planetarygear
(oneplanetonly be consideredxan be setup following the schemen Figure 11, andthe
motionequationgor smalltorsionaloscillationaroundthe kinematicpositionof interestcan
be drawnby meansof Lagrangiarapproachpneplanetonly beingconsidered.

Systemequations
The systemin Figure11 canme modelledwith 5 dofsfollowing [18], sincetheinput shaft,
the sunwheel, the planets,the planetcarrierandthe outputshaftneedto be consideredas
connectedy torsionalsprings.

Thekinetic energy of the system can be evaluated by:

1
T=,% P32 5+ (Jptmar) J+ Jin i+ Jour ou (10)
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19]:
J M+K (,1) ()= M(1)

where:
J = diag[Jp + mar3, 1,32, Jin , Jout ]

+(k , ,+k , 5)cos Sk, k,,8k,; 0 Sk
| k k Sk

+
| 1,2 in 1,2 in

symm . k

M (t) =[0,0,0,Min , Moy 1"

(15)

(16)

17

(18)

(19)
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12 the example is built with the following parameters= 1/7, m = 1[mm],
w =5m, = 20[ded, E = 2.1e!*N/m 2. Thanks to the variability of the stiffness as in
Eq.@2), the eigenvalues of E@8) undergo a pronounced oscillation in the calculated ranges,
proving the stiffness dependence on the contact evolution, therefore as a source of parametric
excitation and torsional oscillations.

&21&/86,216
What here proposed has served as a proof of concept. In the present work, by means of
simple assumptions, an elastic model of a planetary gear stage has been drawn, with a special
focus on the kinematics based quantities that affect the variability of the overall stiffness
properties. The obtained variable stiffness charts become feasible for the “tting by means
of Fourier series based formulas found in literature. In the proposed procedure it will be
easy to monitor the effect of evolutionary implementations for “ner hypotheses and model
re“nements. The shown results are transferable to other investigations: design, monitoring &
diagnostics, for a clear understanding of gear mesh stiffness phenomena.

Future developments will take care of the variations in the teeth pro“le for proper gear
correction practice. Improvements in the tooth elasticity modelling are also expected, by
means of enhancements in the modelling assumptions and “ner calculations. Developments
are awaited on the side of proper lubricant “Im modelling among the teeth in contact. A
spectral approach might be used to enhance the modelling of tooth "exibility as function of
its dynamics by means of proper shape functial®& 21]. Nonetheless, the ef‘ciency of
the calculations is crucial to include all these enhancements in the modelling to extend the
applications to a wider set of real industrial problems.
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Figura 1. Quadrilatero articolato:
a) posizionepertg b) posizione intermedia; ¢) posiziochiusa

Sezione 4 considera il caso particolare in cui le lunghezze dei membri del quadrilatero siano
numeri interi (positivi). In“ne, si tracciano le conclusioni.

2. CLASSIFICAZIONE DEL MECCANISMO

Volendo classi“care il quadrilatero, poiehnella disposizionaperta (Fig. (1a)) il mem-
bro BoB si presenta come Ilsipotenusa di un triangolo rettangelsicuramente quello di
lunghezza maggiore (lunghezizd. Di conseguenza, laiella AB , la cui lunghezz#, viene

a sommarsi atk nella disposizionehiusa(Fig. (1c)),e sicuramente il membro di lunghezza
minore. Risulta naturalmente soddisfatta leuguaglianza:

|3+|2=|4+|1 (1)

che, se siindica cohla lunghezza del membrotplungo, cors quella del membro picorto
e conp eqle lunghezze intermedie, viene a coincidere con la:

l+s=p+q (2)

nota comecaso limite di Grashof1].

Si tratta di una categoria limite tra i quadrilateri@rashof e quellinon-Grashof che
vede tutti i membri raggiungere una posizione in cui sono allineati.
Tale con“gurazion& nota comehange poined il quadrilatero viene c8sad appartenere alla
categoria dethange-point mechanisnjs...4]. Alchange poinil moto & cinematicamente
indeterminato. In [5] la stessa catego&ade“nita comespecial-case Grashof kinematic
chains in accordo con [6] in cué de“nitatransition linkages or Grashof neutral linkages
La medesima tipologia di meccanisginoltre de“nita comeéolding linkages(meccanismi
epieghevoliZ o erichiudibiliZ) da [7, 8].
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GHPRQVWUDWHG WKDW WKH I[UDPHPODWHYBOUDQ

WR DQ RXW+RI+SODQH XQVWDEOH PR\GHH LRX DWIWHUXRQIH\
RWKHU KDQG@t ak RV@DXOWLIU D SODQDU PXOWLERG\ PRGHO
PRGH FDQ EHFRPH XQVWDEOH GXULQHXY WAMVUDLJKW UXQQ!
,Q WKLV VWXG\ WKH DQDO\VLV Rl DPRRWRALE\G B HG B K D MQ
SUHVHQWHG ZLWK WKH DLG Rl ERWKSID B QOQUPPXOOMRERG \DR
7KH PLQLPDO PRGHO FRQVLVWY Rl DJDWHIJUHEBVY RXVISHIQ
ZLWK FKDLQ WUDQVPLVVLRQ FRQQIMRWHG WRQDWDQRH WS
VWDELOLW\ KDV EHHQ VWXGLHG L QHIQTOLOXHE WLQXPO FRIOM L E
RI DQDO\WLFDOO\ GHWHUPLQHG PDSVURWHKDY WHHQV ZRX
PHFKDQLVP WR LQVWDELOLW\ LV SOWDFHGOE'S WKBIFQRRQLR
DQG PRUH SUHFLVHO\ E\ LWV SDUW LD @& B QDLW ERHP IR @/
YHUWLFDO JURXQG IRUFH ,W FDQ H GFRIQHDAWDW K R GBIXWD\VFR:
RI WKH VOLS DQG ORQXSNWELD FO LMWIRKIEG VRORKH JLYLQJ
YDWLYH UHVWRULQJ IRUFH DQG W@ DQ DV\PPHWULF VWLII

BBEBBBBBBBBBBBBBBBBBBBBB
*() 8QGLFHVLPD *LRUQDWD GL &OWIXCGLR (WWRBBORIQDLROL
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7KH VWDELOLW\ RI WKH GHJUHHV GH 0UH @GRPV SEOHHXD V

KWWS G[ GRL RU

> @ /[HRQHOOL / DQG ODQFLQHOOL 1 3$ PXOWLERG\ PRW
IRUPXODWLRQ DQG YDOLGDWLRQ  9HKLFOH 6\WWHP '\QDPLFV

> @ 5RVHQEURFN + 37KH 6WDE L®LYR QW UIR®H B\W WHPHN£ G HEBM
-RXUQDO RI (OHFWURQLFV

> @ /HRQHOOL / &DWWDEULJD 6 HIDQ® H RQWADELQRWE RI UDEL
LQ VWUDLJKW EUDNLQJ PDQRHXYUHF DX EQRLWIMHG VQR 6EXHQBHR
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marco.palanca2@unibo,iluca.cristofolini@unibo.it

2Diamond Light Source, Oxford, UK
E-mail: andrew.bodey@diamond.ac.uk

3Dept. of Oncology and Metabolism and INSIGNEO — University of Sheffield, Sheffield, UK
E-mail: m.giorgi@sheffield.ac.yle.dallara@sheffield.ac.uk

“Dept. of Mech. Eng. and INSIGNEO - University of Sheffield, Sheffield, UK
E-mail: m.viceconti@sheffield.ac.ud.lacroix@sheffield.ac.uk

. H\ Z R U@l Volume Correlation, Strain Uncertainties, Synchrotron, microCT

,1752'8&7,21
'LJILWDO 9ROXPH &RUUHODWLRQ '9& LVG DVNRHBYBROMKDW
GLVSODFHPHQW VWUDLQ PDSV LQVL&HWKHWHRIRS B QERRXY |
LPDJHVY DFTXLUHG EHIRUH DQG DUW PKHDWXKUBHGRW IGH QJH O |
WKLY DSSURDFK LQ JHUR VWUDLQ WRK@GLWKRQOD @ HU KMKBit
VSDWLDO UHVROXWLRQ WKH EHWWHRQMK H9 & UHF DELCRD W RF
\LHOGLQJ EXW IRU H[SORULQJ SK\WLLRO RADJ IPFHDG/ XUDHRIPIHHQ W
UHVROXWLRQ RI PP LV QHHGHG AMR WHICKW HH W K4Q 6
VWUDLQV WKDW FRXOG EH FRQVLGHUHG DFFHSWDEOH > (

6\QFKURWURQ UDGLDWLRQ &7 65 &7UHPDRIDOHVFRDQWEH B
VLIQDO WR QRLVH UDWLR DQG YR[K®WIMQH 7ZKHEHKIRRSURX
DSSOLHG WR 65 &7 LPDJHV KDV WKH BERWHQWU D DQRP FS\RX
LW LV FXUUHQWO\ QRW NQRZQ WR ZKRYWHH RWHDQS\S W/IKAHD B/U IF
GLITHUHQW ERQH PLFURVWUXFWXUHYV

‘H DLPHGY WRXDWH WKH PHDVXUHPHQW XQFHWVDDRQ® LHYV
65 &7 LPDJHV DFTXLUHG IRU FRUWLFDO ERQH DQG WUDEF

0$7(5,$/6 $1' 0(7+2'6
6SHFLPHQV Rl FRUWLFDO DQG WUDERYIMIIERRY ZBGHHR]
LQ DFU\OLF UHVLQ %RWK VDPSOHWHBRYHWLFR@IHGXWZQB -

&7 6N\6FDQ %WUXNHU %HOJLXP VY&8&HHFOQPHQHSRU JU
ZDV VFDQQHG > @
65 &7 DW EHDPOLQH O Rl '"LDPRQG /LJKW 6WXUHH

WUDEHFXODU DQG IRXU FRUWLFDO VSHFLPHQV ZHUH VFI
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kavin.morellato@unibo.ifuca.cristofolini@unibo.it

2 Shoulder and Elbow Surgery, Istituto Ortopedico Rizzoli, Bologna, Italy
E-mail: enrico.guerra@ior.it

3 Tecres SpA, Sommacampagna, Verona, ltaly
E-mail: renzo.soffiatti@tecres.it

.H\ZRUEGMPHFKDQLFV VKRXOGHU IUDFWXR® FHPHQW IL[DWLRQ UHF

,1752'8&7,21

1RZ D GD\V WKH VWDQGDUG WUHDWPHQWYFRXGHR[BERDBIOV I
PHWDO SODWHV ZLWK D VHULHV Rl BROAHVQIRVFRRMW WYV FLC
IDLOXUHY DQG PDO XQLRQV DUH UH SEHRIQWHH GX HY/ISWM F L DKCHO
WKLV VWXG\ ZzDV WR FRPSDUH WZR GLIITHUHQW WBHKQLTX
RI' lTUDFWXUH IRXU IUDJPHQW IUDFWXUH RI WKH SUR[LPD

0$7(5,%/6 $1' 0(7+2'6

7R DOORZ F\FOLF WHVWLQJ FRPSRVDWHHBRQRY PXWW [E HF C
ORZ GHQVLW\ SRO\XUHWKDQH IRDP VLPXODBIZERWKM V SF
KXPHUL XQGHUZHQW D VLPXODWH G RQRWUXEFM LRQ DQC

JLIXUBURFHGXUH WR VLPXOPDWXUWMKH YUWBWXMHIVXS VKRZLQJ

DQBG ERQH GHIHFW WR DYRLG XQGHVLUDEOH ORDG F
BBBBBBBBBBBBBBBBBBBBBBB

*() 8QGLFHVLPD *LRUQDWD GL OWX®GLR (WWRRIORYQ@PDLROL
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237,08/ '(6,%12) +2//2: 7(75%$+('5%$/
75866 &25(6 )25 6$1':,&+ &216758&7,216

(XJHQLR '"UDJRQL

Department of Engineering Sciences and Methods, University of Modena and Reggio
Emilia, Italy
E-mail: eugenio.dragoni@unimore.it

. H\ Z R Ud@n¥fwich constructions; Core material; Tetrahedral lattice; Mechanical propeffipsmization.

G7(1' (" $%675%&7

0DQ\ HQJLQHHULQJ DSSOLFDWLRQV BHODHXEWXURY WKDS\
ORDGV LQ DQ HIILFLHQW DQG FRV® \MKIH FOMIMHE Z D\Q G HBHEC
VDQGZLFK VWUXFWXUHV ZLWK RS HXEBHOIOWHXQW \WRYH W
FRUH GHVLJQV > @ ,Q D WUXVV FRHE ©UDEGARFEH PVKHGI EF
RU PXOWL OD\HUHG ODWWLFH RI V®&IWUMD IUMKIWH W H\W PR Q DRU U
WHWUDKHGUDO S\UDPLGDO RU RWHKH G HBYXOWD\WU F D QKB 8
ZKLOH UHWDLQLQJ VLJQLILFDQW V\MOH® B\ W DX & VDRV | D
WHQVLRQ FRPSUHVVLRQ 7KHVH QHZ HQRDRQHHWRISSH W WHH\
FRPSDUH IDYRXUDEO\ WR KRQH\FRPE REBHBVVBQEH WWRRBAWN
PXOWLIXQFWLRQDO SRVVLELOLWLHVW D WRHFKB QAN WIDXLB .
ZLULQJ DQG SLSLQJ SDVVDJHV HWROORSHQ B & (G WIW D .
RI FRUURVLRQ UHVLVWDQFH GDPDRWPRHGOHQW&FFHR P 8 G HI |
VKDSHY WKDQ FRQYHQWLRQDO KRQH\ARPEWH .DORRH. /WO
IRU LQWHUQDO DFWXDWLRQ WK XV DFEGRIBMLLYEHX R/ GPIR W R KW ®.
VWUXFWXUHV 7KH YLEURDFXVWLF SNUZRWRDWQEXVRI A DDAV
DWWUDFWHG WKH DWWHQWLRQ RH BRVNDEBE®HWY WR Q¥BLOF
WR VSHFLILF GHVLJQ QHHGYV

7UDGLWLRQDO DSSURDFKHV WR IDEWXBBWLQR R BXQVY Qf
PHWDOV LQFOXGH LQYHVWPHQWH EXDW\LIRTY SHIHRWD\RBG V
IRUPLQJ ZLUH RU WXEH OD\ XS DQGHZEDERQU W& WHI@LVILXYH
DQG DEODWLQJ WHFKQRORJLHV UHTKWH BN WHRE BN O Q GOR
DQG IRU ODWHU DWWDFKLQJ LW WRHDWK H/ EBYWYV DYKH ER
DUH ZHDNHU WKDQ WKH EDVH PDWHULDO DQG X@®HUPLQ
FRQVWUXFWLRQ 7KLV LV HVH HRUDH OWU MW PO E KW@
FRPSRVLWH PDWHULDOV ZKLFK FD@WUJSQRWW BRXB\WR | WEKF
RI WKH QRGHV 2QJRLQJ LPSURYHPHQW\S U® FKHIKVRO XP
UHPDUNDEOH GHYHORSPHQW DGGLWDOH WREGRQRWRILEHW U
VWUXFWXUHV WR EH EXLOW IURP KLJIXXBEWDQEWBRDRIF B VRH

BBEBBBEBBBBBBBBEBBBBBBBBBB
*() 8QGLFHVLPD *LRUQDWD GL OWX®BUR (WWERRIHRYQ@DLROL
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FRQVWUXFWLRQV 7KHVH QHZ WHFKQLWKIHRQ FRIQ WDIOXWR/ H
DUFKLWHFWXUHV ZLWK KROORZ VIKUKWY LQ WKH LQWHUH"

BWDUWLQJ IURP WKH JHRPHWU\ RI ®AKH VX Q L W KEH GI@ W K
WUXVV LV UDWKHU VWUDLJKWIRUZFRG LFQBGWRIMH® BMK V HY @
PRGXOL RI DQ HTXLYDOHQW KRPRJHBBRKYJ RUHU PR &/LHU WL
DUH VWUHWFK GRPLQDWHG DQG WHKEUO \PHPKBD QLK O SURY
DQG ZLWK WKH FRUUHVSRQGLQJ SURSHIIONWH\E RO RIK H \S B
H[DPLQHG LQ WKH WHFKQLFDO OLWKMYHVEHMHQDGGVFORVHC
PHFKDQLFDO SURSHUWLHYV RI PDQ\MNVIKNO VIR BRH WHRIRH\M WL
DYDLODEOH YHU\ OLWWOH KDV EHH®Y BXEWKWHKHGE WR RDW
JHRPHWU\ WKDW PHHWV WKH GHVLJQODHEDXLYKAHQWUYR RO
DOO RI WKH IROORZLQJ UHVW U L FRWL ROAH VDD QUK IF RPUDHW HEU LROQ
FRQVWUDLQWY DUH FRQVLGHUHG WZHWHKQ@R/ FR QWU QR IR
DOJRULWKPV QHHG FXVWRP QXPHULFDO LPSOHPHQWDWLR

7KH SUHVHQW SDSHU DLPV DW RYHUFRPLOH OCKHWVH G L
GHQVLW\ WHWUDKHGUDO WUXVV RBUGROORELWRIENGK VMW Z
UHFRJQL]LQJ WKDW WKH GHVLJQ RISKHE HQWREH &BQIGIZL |
GHVLJQ WKH RSWLPL]DWLRQ SURFH\VPLFRWERQWRIDWHKW R
WHWUDKHGUDO FHOO LV GHILQHG ED QRX R XMRHPY WEULLIF PSHD
FURVV VHFWLRQ Rl WKH EHDPV WRRSHQUWK BHWKHF &WHWD
RI WKH VDQGZLFK SDQHO 8VLQJ W KHF KHYMFIDEO DV KHE BIW X
RSWLPDO SUREOHP LV IRUPDOO\ GHMWQMFHREU B WWR § R O/RID WAK
WKH GHVLJQ FRQVWUDLQWY RQ FRUWKWKUFKQUNYJWIOW REZ
<RXQJ V DQG VKHDU PRGXOL ,W LDKRZQRQNVK IR Z D/DRISK
DUH WR EH DYRLGHG QR VLQJOH PRIQRL K UWDKML R R UHH[ LSHAUN
IURP DOO WKH PHFKDQLFDO SRLQWN @RH G LEH ZG L7IKAHH @/IHIK WA
UDWLR DQG VORSH DQJOH RI WKH EEDMP NRQMWFWDL QGW
RULHQWDWLRQV DUH PRVW OLNHO\ WHRH RIFEXR OBXWW R & MAL
FORVHG IRUP DOJRULWKP LV SUHVHHWUHRS R\ IF K VO MDRG W KL
WUXVV FRQILIXUDWLRQ IRU HDFK SDOWHF RO DK H DR/SIW LT
DOJRULWKP LV KLJKOLJKWHG E\ PHDQW R IWE DX FRHSWLLEMDL
DOXPLQLXP WHWUDKHGUDO FRUHV ®HNRPHRUREBEPWWEG WKE
IDYRXUDEO\ ZLWK DOXPLQLXP KRQH\PRBE W IRRIUZ DXJB50 DGHIBM
WKH DSSURDFK DSSOLHG KHUH W R WHKMGW B WD RMGKHDIOS HH
FRUH JHRPHWULHV H J S\UDPLGDI JRBRWUR ¥JXDDWVING FIDROU B \

5()(5(1&(6
> @ :DGOH\ + 1Mtiltifunctiond periodic cellular metals 3KLO 7UDQV 5 6RF $

I+

> @*LEVRQ , 5RVHQ ' : DAdaitiewhArfufddtudng ¥echnologiese SULQJHU

> @ 'UDJR QL Qptimal mechanical design of tetrahedral truss cores for sandwich constructions
6DQGZLFK 6WUXFWXUHY DQG ODWHULDOV +
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giovanni.mottola3@unibo.imarco.carricato@unibo.it

Cable-driven parallel robots &'35V PRYH WKH HQG HIIHFWRU E\ IOH|
FRLOHG DQG XQFRLOHG RQ FDEOHOBINGPBIOHB G Y RIQW DWW Q.
URERWYV YHUVXV VHULDO RQHV VXFKODV JKL B \®\RDE® WFRS
ZHLIJKW UDWLR DQG UHGXFHGYRDODWSHHVILB @GYDQMW
VXFK DV SRWHQWLDOO\ YHU\ ODUJH ZRUNVSDFHY DQG UH
&DEOH DFWXDWLRQ KRZHYHU DOVRN.QWWRDB®FRIQOD ZF
XQGHU WHQVLOH IRUFHV DV FDEOH\RGGOGRQWES RQD LW XW FD
EHLQJ WKH WHWYLRIEO® VEidHd Eqiibvur/\Kdtkspace 6 (: RI1 WKH
URERW WKDW LV WKH VHW RI H@® H/IDHHF@Q\REHSRWRIXJK KH \
5HFHQWO\ DXWKRUV KDYH EHJXQ WRQIWWE&MH V¥R NS/RS\DWFL
SURSHUO\ XVLQJ LQHUWLD IRUFHV OCLEDWLRION REBH Q& 3G M Z
URERWY FDQ PRYH EH\RQG WKHLU 6(OHAUDWKLRAQ]JHUR YHO
2QH SRVVLELOLW\ LV WR GHILQH G\QWRYH FREORQW HYQ
WKXV PHUJLQJ WHQVLRQ DQDO\VLVSUIRDK KWIZDW HFWWRMW R X
> @ ZKHUH WKH DXWKRUV GHILQHOSNURRB GCLIFQW WIHM ARQWR
IHDVLELOLW\ FDaQprierH EKWKNREK® VROYLQJ WKH LQYHUVE
5HIHUHQFH > @ VKRZV WKDW VXFHKUMU R RMEEW R UZKILF O WHK |
DUH IROORZHG IDOOV ZLWKLQ D JLNHHQ XFHD@F\H R XXQGN KZAKUW |
DOZD\V IDOOV ZLWKfizQLV DN Q DR W KHKQWW XUDO IUHTXHQ
,Q ODWHU ZRUNV WKLV JHQHUDO LGHDWXMW H/[S\CHQLAHX
SODQDU > @ ODWHU WKH DXWKRVYW FRRDVLGHUHG SRLQW
,Q WKLV ZRUN ZH FRQVLGHU G\QDP DS SGIUH®RGLR USDS
Cable-Suspended Parallel Robot& 635 WKLV LV D W\SH RI &'35 ZKHUH
DOZD\V EHORZ WKH FDEOH H[LW SRLHXSAQ D QOBEDUHVY L@ \WFHF
SXOOLQJ WKH HQG HIITHFWRU GRZQZD USRL QW PFRDWW URE®I
WKUHH FDEOHV
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‘H JHQHUDOL]H DQG H[SDQG WKH UHWXOMNDJIRW EHIW D:
Mypsdabe? RI DGPLVVLEOH IUHTXHQFLHV WK DIV W K DI VG W FILHL
IUHTXHQMKDW DOORZV DUELWUDULO\ ODUJHREHW. RELP K
JHQHUDO URERW DUFKLWHFWXUH BQOG PRWDRIQDO WULGLF

1H[W ZH DQDO\]H WUDQVLWLRQ PRWLRQV WKDW DOORZ

x EULQJ WKH URERW WR D G\QDPLF WUDMHFWRU\ IURP
VORZ GRZQ WKH URERW WR D VWDWRQR3 LWH\RQ) VWDU
FRQQHFW WZR HOOLSWLFDO WUD M HFQMR RUHVH DLMKWW
GLIIHUHQW VL]HV

)LQDOO\ ZH FRPSDUH RXU WKHRUHWH FDOV XIPGGLLRXY |
SHUIHFWO\ VWLII DQG PDVVOHVV FDED H\D E DIHW K O\DLVPX IOFDL
PRGHO LQ RUGHU WR WHVW WKH UREXVWQHVV RI WKH RE

7KH SURSRVHG PHWKRG RQO\ UHTXLUHVY IROWUGEDDLE F
FRPSDWLEOH ZLWK UHDO WLPH DS SWKIH DWERQVD INRH UH PD PE
> @

7KH FRQWHQW RI WKLV FRQWULEXWWRQ @\ OIOQEH ®UHVH

X
X

> @
,Q 3URF ,((( ,QW &RQI 5RERW $XWRP SS

SS

3URF ,((( ,QW &RQI S5RERW $XWRP
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motion control, PLCIEEE 1588.

G7(1'(" $%675%8&7

'LVWULEXWHG VROXWLRQV IRU 5HDM 7R @8 ¥ RUWMH R VBIGF E H
WKH\ LPSURYH WKH GHSHQGDELOLW [WR®%HBIMDIEALORW W K/
> @ 7KH FRPSXWDWLRQDO FOXVWHUHRI RVKEVHHUYHWIWH K
LOQWHUFRQQHFWHG E\ 5HDO 7LPH FRPPKOQAFWWEZRQFK\V W H
EXV WHFKQRORJ\ LV FRPPRQO\ XVHG IRRR@XH FRPWP XRI
GLVWULEXWHG 5HDO 7LPH V\VWHPV |WULYW/F NGRXOH® Y HI
LQWHJUDWLRQ DPRQJ LQGXVWUL D OHRWR BUIRFGXOFEHIH FFROEM
XVHIXO LQ RUGHU WR H[WHQG WKHXWR'GYVVEOWHBVY F K QWY
DSSOLFDWLRQV FRPPXQLFDWLRQ DPRGJ BV HG LH@ VE B R (
WKH H[FKDQJH RI LQIRUPDWLRQ DQG QRW IRU WKH PRWLR
WKDW GLITHUHQW YHQGRUV XVH G LWIKH Q@D P HMWKR G P R W
WR WKH IDFW WKDW PRWLRQ FRQWURBTIXV UHWX DU & L5 K Dt
DFFXUDF\ DQG UHOLDELOLW\

7KLV ZRUN LV IRFXVHG RQ WKH VWZ3BQ HGIDDL 5@ DA @ LB H DO
EHWZHHQ GLIIHUHQW SURJUDPPDEORG RQVWBRRURAWWUW KBR
XVH Rl ,QGXVWULDO (WKHUQHW FRPPX®IH BWLFRKQ LG DWI
SURWRFRO 7KH KDUGZDUH DUFKLW HRWXU B Q & KAHK M VIMGBI
UHDOL]JHG DUH D JOREDO VROXWLRQ GRWY WWKH P FSW RR Q D
FRQWUROOHUV RI GLITHUHQW Y H QK RURY X YRIU WKK MV VRIDDX W
W\SHV Rl GLVWULEXWHG 5HDO 7LPHA\DQYWHRBE WKHDPMFIRDQ L
'LITHUHQW YHQGRUV XVH GLIIHUHQW RPM RR GWK HPPU F\N R HG B
PRYH DQ D[LV SRLQW E\ SRLQW ZLWXHWRHALGHIDQIGWDRROHR

BBBBBBBBBBBBBBBBBBBBBBB
*() 8QGLFHVLPD *LRUQDWD GL OWX®UR (WWRRIHRYQ@DLROL
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YLIXUDH SULQFLSDOL LQQRYD]JLRQL GHO SURJHW

KWWSV 7z7Z UHDOLVWLF URERW VLPXODWLRQ RUJ

@ 0 3HOOLFFLDUL HW DO *$5(86VRIWQRYBWRYHVXDWOGEZRQDE
URERWLFV  ,((( &$6( ,QW &RQI RQ $XMHRAMWLES 6FLHQFH DQG (Q
@0 3HOOLFFLDUL * %HUVHOOL PHWHRGLIRU IHGBGXFDQR WKH HRHL
RI SLFN DQG SODFH LQGXVWULDO URERWY" OHFKDWURQLFV

@' OHLNH $ 6HQIHOGV DQG / 5LELFNLV 33 R ZH W K R Qi/QIHIWIN U
HIILFLHQF\ LQ GULYH V\VWHPV ,QGXV&2ULDO (O MWAWIRINFY &RBLHY

o+

@' OHLNH 0 3HOOLFFLDUL * %HUXWIO @®L P X ORNIXFRAEBRCH L B HHQ M
DXWRPRWLYH LQGXVWU\ 'HWDLOHG V\VWHPUPRGDEMWLRQQR @ SHXM
6FLHQFH DQG (QJLQHHULQJ

@0 *DGDOHWD * %HUVHOOL 0 RBBO GUIFRXONWIGHVLJIG(QHWURERSW
3RWHQWLDO DVVHVVPHQW RQ DQ L QRASKXWLID , BIWH WIWKXIEE 0 B REF

@2 :LIJVWURP % /HQQDUWVRQ $ +AHKJQBWQHRO VG & HE X0W B 1 WRK R-OQ
WUDMHFWRULHV ,((( 7TUDQVDFWLRQWRQLEXWRPDWLRQ 6FLHQFH DC

@ % /HQQDUWVRQ HW DO 3 GHGT SH@BHK BV D QR BH VIR D Q G DK
$XWRPDWLRQ 6FLHQFH DQG (QJLQHHUL®J ,((( TUDQVDFWLRQV RQ
@ 1 %H\ +DXVFKLOG 0= OF$ORRQH WELHUV IRULYPSOHPBGW

HQYLURQPHQWDO VWUDWHJILHYV LQ PDQXIDFWXULQJ FRPSDQLHV &,



,1',&( "(*/, $8725,

$QGULVDQR $QJHOR 2UHVWH
%DWWDUUD ODWWLD
%HOOHOOL $OEHUWR
%HUVHOOL *LRYDQQL
%HUWD]]LQL $QQD
%HUWL $OHVVDQGUR
%HUWRFFKL (QULFR
%RGH\ $QGUHZ -
%RWWL ODUFHOOR
%UXFNPDQQ 7RELDV
&DUULFDWR ODUFR
&DVWDJQHWWL 'DYLGH
&DWDQLD *LXVHSSH
&DWWDEULJD 6WHIDQR

&DYDODJOLR &DPDUJR ORODQR -DFRSR

&RFFRQFHOOL ODUFR
&RQFRQL OLFKHOH
&ULVWRIRPR Q

'f(OLD *LDFRPR
'DOOT$UD (QULFR
'DOSLD] *LRUJLR
'DPLHQ /DFURL]

'H )HOLFH $OHVVDQGUR
'RQDWL /RUHQ]R
'UDJRQL (XJHQLR
)DOGLQL &HVDUH
JRUWXQDWR $OHVVDQGUR
*DGDOHWD OLFKHOH
*LRUJL ODULR
*ROLQH®OD 1L

*XHUUD (QULFR

,Gj (GRDUGR

JHRQHOOL /XFD
JLYHUDQL (ULFD
ODQWRYDQL 6DUD
ORUHOODWR .DYLQ
ORWWROD *LRYDQQL
OXFFKL (PLOLDQR
0XQDUL $OHVVDQGUR
OXVHOOD 8PEHUWR
3DODQFD ODUFR
3DUHQWL &DVWHOOL 9LQFHQ]R
3 H O O L F BIFIHWOLO RD
3HUX]]LQL ODUJKHULWD
5HJJLDQL %DUEDUD
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5LYROD $OHVVDQGUR
5XELQL 5LFFDUGR
5XVSL ODULD /XLVD
6DQFLVL 1LFROD
6RIILDWWL 5HQ]R
BRUUHQWLQR 6LOYLR
6SDJJLDUL $QGUHD
BWUR]]L $QWRQLR
7RPHVDQL /XFD
7URQFRVVL ODUFR
9LFHFRQWL ODUFR
=DQDULQL $OHVVDQGUR

JLQLWR GL VWDPSDUH QHO /XJOLR
*OREDO 3ULQW

*RUJRQ]ROD O,

GD






