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Abstract: Compliant mechanisms are widely used for instrumentation and measuring devices for
their precision and high bandwidth. In this paper, the mechatronic model of a compliant 3PRS
parallel manipulator is developed, integrating the inverse and direct kinematics, the inverse dynamic
problem of the manipulator and the dynamics of the actuators and the control. The kinematic
problem is solved, assuming a pseudo-rigid model for the deflection in the compliant revolute and
spherical joints. The inverse dynamic problem is solved, using the Principle of Energy Equivalence.
The mechatronic model allows the prediction of the bandwidth of the manipulator motion in the
3 degrees of freedom for a given control and set of actuators, helping in the design of the optimum
solution. A prototype is built and validated, comparing experimental signals with the ones from
the model.

Keywords: compliant mechanisms; parallel compliant mechanisms; 3PRS parallel kinemat-
ics; mechatronics

1. Introduction

The use of compliance in mechanisms has become very common for several purposes.
Compliant and continuum mechanisms make use of the flexibility of some parts of the
mechanism to achieve motion with several degrees of freedom. While continuum mecha-
nisms present slender elements that deflect along their whole length, compliant mechanism
are composed of rigid elements joined by flexure hinges that deform under the application
of aload [1,2]. Other applications of compliance can be found in the interaction with human
or other elements, where a variable stiffness must be provided by the actuators to resemble
a physiological response [3-5].

Among those applications of compliance, compliant mechanisms have found a place
in applications that require short range of motion, high precision, high bandwidth, special
environmental conditions, such as high vacuum, and one or more degrees of freedom. In [6],
a mechanism for a single-axis nano-positioning stage is presented with a range of motion up
to a millimeter and a compact stage size based on flexures. With 2 degrees of freedom, in [7],
a planar motion stage design based on flexure elements is shown. In [8], another example
for 2 degrees of freedom is presented with a relatively large range and high scanning speed,
that is, high bandwidth. With 3 degrees of freedom, an ultra-precision XY0, flexure stage
with nanometric accuracy is presented in [9], and a cartesian XYZ compliant mechanism is
designed in [10]. Another high-performance three-axis serial-kinematic nano-positioning
stage for high-bandwidth applications is developed in [11], and in [12], where a large
range modular XYZ compliant parallel manipulator is presented, where the structure is
composed by identical spatial double four-beam modules.

The use of these planar or spatial mechanisms both in serial or parallel configurations
has many advantages in the conditions mentioned due to the lack of clearances and reduced
friction and maintenance, although their design is still more complex than in conventional
mechanisms, as special attention must be dedicated to the design of the compliant joints or
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flexure hinges [13]. Several authors have studied the behavior of these kinds of joints to
be able to determine equations that relate their geometrical parameters and material with
their stiffness and their parasitic deformations [14]. The simulation of these joints to predict
their stiffness in those works is performed using finite elements method-based software.
Their simulation is not trivial, as the flexure hinges usually present relatively thin sections
that change fast in a small space, giving place to stress concentration. Hence, adaptative
and custom meshes must be used to obtain precise results. Yong and Fu provided their
experimental results after testing several circular flexure hinges in an experimental setup
and made a comprehensive comparison of their results with the stiffness formula developed
in the previous bibliography [15].

On the other hand, fatigue is one of the main problems that these mechanisms suffer.
Small flexure hinges are a source of stress concentration, and the cyclical loads that the
flexure hinges experience, usually at high frequencies, mean the possibility of appearance
of cracks and damage. Schoenen et al. developed a test bench for the fatigue analysis
in high precision flexure hinges, analyzing the influence of inertia effects on the bending
moment, longitudinal and transverse force on the flexure hinge [16]. Liu et al. modeled
the influence of cracks in the circular flexure hinges of a RRR planar parallel compliant
mechanism, concluding that the appearance of cracks reduces the driving force of the
actuators due to the reduction of stiffness in the hinge. Hence, the difference between the
driving forces in a healthy and a cracked hinge can be used to monitor its condition [17].

In the present work, the complete mechatronic modeling of a compliant 3PRS ma-
nipulator developed is presented. The mobile platform is connected to the base by three
bars at 120°, where the prismatic joints are actuated in the horizontal plane, the revo-
lute joints are circular flexure hinges and the spherical joints are hinges with cylindrical
shape, see Figure 1. The 3PRS manipulator with conventional joints, developed by Car-
retero et al. [18,19], is a low mobility parallel kinematics mechanism with 3 degrees of
freedom, a translation and two rotations around two normal axes perpendicular to the
translation axis [20]. Nowadays, it is a well-known low mobility parallel platform whose
kinematics and dynamics were studied by several authors due to its axisymmetric prop-
erties and ease of construction and integration with other stages to achieve 6 degrees of
freedom [21-23].

The 3PRS preliminary prototype here modeled was designed with the aim of providing
Z motion of 2 mm and tilting of +1 degrees to molds for micro lenses during their milling
process; see Figure 2. Its design and construction is presented in [24] and the dynamic
modeling in [25]. There, the precision of the manipulator was tested when reaching fixed
positions by measuring the position reached by the platform and the actuators with a
coordinate-measuring machine, basing the modeling of the mechanism in a pseudo rigid
body approach, as in [1]. In the present work, the mechatronic model developed to predict
the performance of the system is presented. The mechatronic model integrates the dynamics
of the compliant manipulator, actuators, and control. In this way, the influence on the
manipulator performance of the control algorithm and its parameters and vice versa can be
considered, providing a reliable estimation of the bandwidth of the manipulator, apart from
validating a given selection of actuators and a control algorithm or its gains tuning. This
kind of modeling is along the lines proposed by the guideline VDI 2206 for mechatronic
design [26]. Data, such as the motor torque/force and motor position of platform position,
can be affected by the control algorithm and the gain tuning, so this kind of approach is
mandatory for a better estimation of the dynamic performance.
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Revolute joint Spherical joint

Figure 1. (Top) 3PRS compliant parallel manipulator developed. (Bottom) Revolute and spherical
joints used.

Figure 2. FEM simulations: (Left) Maximum position in Z direction. (Right) Maximum tilting around
Y axis.

The dynamics of the compliant mechanism is modeled with a pseudo rigid body
approach, that is, replacing the flexure hinges by conventional joints with springs to model
the flexure stiffness [1]. This approach not only simplifies the dynamic analysis, but also
allows using the dynamic model for a future optimization of the control algorithm. FEM
models, although they can be more suitable for a thorough dynamic modelling, are not
easy to implement in control algorithms [10]. In the following section, the details of the
mechatronic model are shown. In Section 3, the tests performed to validate the mechatronic
model are shown, and then discussed in Section 4. Conclusions are shown in Section 5.

2. Mechatronic Model and Hypotheses

The approach followed for the mechatronic modeling is based on decoupling the 3PRS
compliant mechanism from the actuators, see Figure 3, in such a way that the forces required
to move the manipulator are seen as if they were a disturbance from the perspective of the
actuators. In this way; it is possible to decouple the modeling of the mechanism from the
modeling of the actuators, which can be more detailed with several degrees of freedom
if desired.
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Figure 3. Decoupling of the compliant mechanism and actuators.

Hence, the mechatronic model follows these steps, as seen in Figure 4, assuming that
a joint space control is going to be performed. First, the commanded displacement in
workspace coordinates (\¢, 8¢, pzc) is introduced into the inverse kinematic problem to
obtain the commanded joint space coordinates (s1c, Sy, S3c). Second, these are introduced
into the dynamic model of the control and actuators, which models the cascaded position,
velocity and current control loops as well as the actuators dynamics. As the force required
to deform the compliant mechanism can be higher than in a conventional mechanism, it
is advisable to model the stiffness of the actuator and its transmission chain, as it may
happen that a given transmission is less rigid than the compliant mechanism itself. For that
purpose, in the present work, a 2-degrees-of-freedom model with two inertias linked by a
torsional spring and damper is proposed. As a result of this modeling, the position reached
by the actuators is obtained, which is, third, fed into the direct kinematic problem to know
the simulated position of the manipulator.

l//c (//
0 ’ ErsE S1082¢553. | Mechatronic model | §1,5,,53 Direct >
>
. ”|
—<p| Kinematic of the actuators: Kinematic _‘9>
D-. Problem Control+dynamics Problem | p_
_> _>-

C liant
Fl:Fz»F3 ompliant
3PRS dynamic

model

Figure 4. Mechatronic model of the compliant 3PRS.

Fourth, to consider the dynamics of the compliant manipulator, the position reached
is fed into the inverse dynamic problem of the manipulator. There, the main assumption
is to consider the flexures as conventional joints with torsional springs, whose stiffness
is considered constant inside the workspace of the manipulator, and it is calculated by
FEM analysis [10]. The forces obtained (F;, F,, F3) are then fed back into the model of the
actuators, where they act as if they were disturbances that the control must counteract to
reach the desired position. This approach of decoupling actuators and control dynamics
from the manipulator dynamics allows a more detailed modeling of the control or actuator,
as is the case here with 2-degrees-of-freedom modeling in state-space.
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In the following section, all the theoretical considerations to develop the mechatronic
model of the compliant 3PRS are thoroughly shown, mainly, the kinematics and the dy-
namics of both the manipulator and the control and actuators.

3. Kinematics

The kinematic diagram of the 3PRS manipulator is shown in Figure 5. The mobile
platform has the end effector in P. Three bars C;B; of equal length L connect the base and
the mobile platform by means of an actuated prismatic joint P, a revolute joint R in C;, and
a spherical joint S in B;. The angles «; between the bars and the fixed base are 45° in the
default position. The B; points are in a circumference of radius b with center in P. The origin
of the linear actuators is located in A; over a circumference of radius a and center in O. The
actuators are inside three vertical planes at 120°, and their location is defined by the joint
space coordinates s;.

Figure 5. Schematic diagram of the 3PRS kinematics.

Two reference systems are defined. The fixed system XYZ has the origin in O, with
the X-axis aligned with OA1, and the Z-axis is vertical. The XOY plane is horizontal at a
height defined by the center of the compliant revolute joints. The mobile system UVW
has the origin in P with the U-axis aligned with PB; and the W-axis perpendicular to the
mobile platform. It is also shifted in such a way that the UPV plane contains the center of
the compliant spherical joints.

The platform position is defined by the workspace coordinates py, py, and p, that
determine the position of P and three angles 1, 8, and ¢, which are the rotations around
the X-, Y- and Z axes. This is a low mobility parallel mechanism with 3 degrees of freedom
Pz b, and 6, and 3 parasitic motions, px, py and ¢. The parasitic motions of this 3PRS
mechanism are already presented in [24] and here, for completeness, we have included
the formulation in Appendix A. In addition, the inverse kinematics problem to calculate
the joint space coordinates s; to reach a given position of the mobile platform in shown in
Appendix B. The direct kinematics problem to determine the task space coordinates from
the joint space ones is presented in Appendix C.

Finally, the rotation in the revolute and spherical joints is calculated to obtain the
bending and torsional moments due to the deformation of the compliant joints represented
there. The formulation is shown in Appendix D. The rotation in the compliant revolute
joints is measured by the angle o;. The torsional rotation around the CiBi bars is measured
by the angle $j;, the bending rotation inside the vertical planes that contain the bar is



Robotics 2022, 11, 4

6 of 21

determined by B, and the angle due to the bending in perpendicular direction to the
vertical planes is 3p;.

3.1. Jacobians

For the resolution of the inverse dynamic problem, the Jacobians of the different
elements of the manipulator are required.

3.1.1. Jacobian of the Mobile Platform

Closing the kinematic loop for each bar from O to B, both through P and Aj, the
following equation is obtained:

OP + PB; = OA; +s;-s50 + L-15p 1

The 1;p unity vectors define the direction of the bars and s;g define the positive direction
of the actuators. The derivative with respect to time is

Vp + Wp X PB; = éi-Sio + L-wy x 1 2)

where vy, is the velocity of P, wp is the angular velocity of the mobile platform, and wj is
the angular velocity of the bar i. Applying the dot product by 1;o,

Lig-vp + (PB; X Lip)-wp = sjo-1io-s; 3)
and in matrix form,
1{0 (PBl X llo)T

v 810110 0 0 51
13 (PBy x1y)" { wp } = 0 syl O 2 @
T P 0 0 ;

1, (PB3x13)" . . s30l30 s3
Jeip = Jpos

where
P={Px Py Py Wpx Wpy wPZ}T s={$ 5 s }T @)
On the other hand, due to the revolute joints, the motion of the bars is planar in a
vertical plane whose normal vector is m;g, Those restrictions can be expressed as follows:

OB; m;y = (OP + PB;)-mjp =0 6)
The derivative with respect to time is
vp-mi0+(PBi X I‘I‘lio)'WP=0 (7)

In matrix form,

m];, (PB; x my)" 000 $1
mZTO (PB2 szg)T { V‘:’P }: 0 0 O 52 (8)
m;;o (PB3Xm30)T P 0 00 é3
Jpsp = [0]s
Grouping Equations (4) and (8),
Jer | 5 | T,z | B = Ted
o= L s ©)

Finally, the Jacobian of the mobile platform is obtained as follows:

p={Tp " Js| % = Tprar's (10)
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3.1.2. Jacobian of the B;C; Bars
Calculating the dot product of Equation (2) and PB; and rearranging,

PBi'VP = (PBi'Sio)'éi + L-(lio x PB;)-w; (11)
The angular velocity of the i-th bar w; can be posed as follows:
(12)

Wi = &;-mjg

Substituting Equation (12) in Equation (11), introducing Equation (A20) and rearranging,

L-(njo-PB;)-&; = —PB;-vp + (PB;-sjo)$; (13)
where
~PB {0} —PB] {0}
—PBijvy = | —PB; {0} |p=| —PB; {0} |Jpm$ (14)
-PB; {0} —-PB] {0}

Substituting Equation (14) in Equation (13) and rearranging in matrix form, J 4; is the
Jacobians that relate the angular velocity of the bars with the velocity of the actuators:

. fm e [Tl
Jwd = s = &=1{ i 0= [l Tws|s = | [l [$=Tu (15)
a3 fo3] J
where -
L'(I‘lloPBl) 0 0
Jw= 0 L-(nzPB;) 0
0 0 L-(n3oPBs) |
(16)
-PBI {0} PBisjy O 0
Jws = _PBE {0} Jplat + 0 PB;syo 0
—-PBI {0} 0 0 PB3s3
On the other hand, the position of the mass center of each bar is
XGi L
OG; = q Vci ¢ =OA;+sisio+ 5 lio (17)
2Gi

Differentiating and rearranging,

XGi ;

. . L L-w; )

VGi = { Yai } = si'sio + 5 Wi X lip = vai — Tz'(mio x lig) = $i-sio (18)
2Gi

In matrix form, and introducing the Jacobian of each bar as obtained in Equation (15)
and the Kronecker delta,

8 e[ =gs e R w

Jitqpi = Jio'8

Finally, the Jacobian of each i-th bar is calculated as

dbi = { o } = [ Jia 8 = Jui's (20)

wi
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3.1.3. Jacobian of the Rotation of the Spherical Joints

To relate the first derivative of the rotations in the spherical joints with the velocity
of the actuators, first, the platform angular velocity in Equation (28) is substituted by the
following expression, which considers the relative motion of the platform with respect to
each one of the bars.

Wp = Wj +Wpj =1,2,3 (21)

Hence, the following nine equations result:
Vp +Wj X PB; +wp, X PB;j = s;-8j0 + L-wj X ljgi,j = 1,2,3 (22)
Applying the dot product by 1;p and rearranging,
(PB; X lig) Wpyj = —lio-Vp — (PB; X Lip)-Wj + (lig-Si0)-Sif,j = 1,2,3 (23)

In matrix form, for the relative motion to one of the j-th bars,

(PB1 X 110)T wp,jx 1{0 (PB] X 110) 810110 0 0 .
(PBZ X 120)T Wopriy = — 1;0 Vp — (PBz X 120) wj + 0 S20lo0 0 S (24)
(PB3 x I39)" Wprjz 1, (PB3 x I39) 0 0 s3ol30

In Equation (24), the relative velocity to the j-th bar in the XYZ reference system is the
sum of the rotations around my, nj and J; in the local reference system S;, premultiplied by
the corresponding rotation matrix R; as defined in Equation (23).

1 0 5Buj Puj .
wprj=ijrj = R] (Wm]'+Wn]'+W1j) = R] 0 Cﬁm] —Sﬁij,Bn]‘ '8”] = RB]' [3] (25)
0 S.ij C.ijC,an :Blj

Additionally, in Equation (24), the term dependent on the velocity of P can be expressed
as in Equation (26) using Equation (36).

150 —lio {0} | —lio {0} ‘
1%0 Vp = —lzTo {0} [p= —lzTo {0} [Jptats (26)
130 —lz {0} —lz {0}

What is more, in Equation (24), the term dependent on the angular velocity of the j-th
bar can be expressed as follows, substituting Equations (38) and (15).

(PBl X 110) —(PBl X llo)m]'() ‘ (110 X PB])ij ‘
— (PBZ X 120) W] = *(PBZ X lzo)mjg lXj = (120 X PBz)mjo Jo‘jS (27)
(PB3 X 130) —(PB3 X 130)m]-0 (130 X PB3)mj0

Introducing Equations (25)—(27) in Equation (24), the desired Jacobian for the spherical
joint of the j-th is obtained:

Toji By =Tpas = B = [Tphpia s =Jg;s (28)

where the direct and inverse Jacobians are, respectively,
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(PB; x 110 T SBuj
Jgji= | (PB2x 120 C,Bm] —SBmjcPnj
(PB3 x I39)" 0 sBmj  CPmjchnj 29)
—1{0 {0} 110 X PBl)m]() 510110 0 0
Jj2 = 1y {0} |Jplat+{ (Lo X PB2)mjg Jwj + 0 splp O
_lgO {0} (130 X PB3)III]0 0 0 S30130

4. Dynamics

To solve the inverse dynamic problem of the manipulator, it is divided in n subsystems
of open chain, where the Lagrange equations can be conveniently applied with respect to
the local generalized coordinates, g,. The equations of motion of those elements are posed
as a function of the generalized forces 7, and the Lagrangian L,, dependent on the kinetic
energy T, and the potential energy V.

d oL, dL,
dtog,  9qn

(30)

Ty =

If the n subsystems move as if they were assembled, the set of local generalized
coordinates of all subsystems qn is a function of the global generalized coordinates of the
assembled mechanism qs. Hence, their virtual displacements can be related through the
corresponding Jacobian:

d
oqy = acéN 0qs = Joq, (31)
S

On the other hand, if all subsystems move as if they were assembled, the virtual work
done during a generic motion must be the same as in the assembled mechanism; hence,

OWs = 6Wy (32)
5qs TS - 5qNTN - 5qs JTTN
Therefore, the actuator forces needed to move the manipulator are obtained as
T N T
Ts =] TN = 2 JnTn (33)

n=1

This is the so-called Principle of Energy Equivalence, which is applied to the 3PRS
elements in the following subsections, being that qs =s = {s1 s s3)T and s = { F; F, F3)T.
This approach allows the direct and systematic obtainment of the forces on the manipulator,
and it was partially developed in [11], where the moments due to the flexures” deflection
were considered external actions. Here, the complete formulation, including the proper
modeling of the bending and torsional moments in the joints, is considered.

4.1. Mobile Platform

In the mobile platform subsystem, the following contributions to the Lagrangian will
be considered: the one due to the translational motion with the total mass located in the
center of mass, the one due to the rotational motion around the center of mass, and the
elastic energy due to the deformation of the spherical joints.

The external forces acting on the mobile platform are also considered. If an external
force fextm = {Fu Fy Fw)T is applied on a point D located as PDy, = {dy dv dy )T, the force
and the moments on the manipulator in the fixed reference system XYZ are

fext = Refextm Text = R'(PDm X fc—:xtm) (34)
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4.1.1. Translational Dynamics

Considering the platform as a point mass located in the center of mass located in P,
the Lagrangian can be expressed as

1 2 .2 .2
LpT = TpT - VpT = EMplat (Px + Py + pz) - Mplatgpz (35)

where M, is the mass of the mobile platform and g is the gravity. Applying the Lagrange
equation, the equations of motion in matrix form are

F, Myt 0 0 P 0
F,p=| 0 My 0 py ¢+ 0 36)
F, 0 0 Mplat ﬁz Mplatg

fext = Mplatf’T +8

To apply the Principle of Energy Equivalence, first the local generalized coordinates
are replaced as a function of the global ones through the corresponding Jacobian in
Equation (36). There, the Jacobian of the platform can be divided in a translational and a

rotational part as
S ]E’T } _ § = JplatT $ 37
p { Wp Jplat [ JplatR 37)

Hence, after derivation and substitution, Equation (36) becomes

fext = Mplat []plat—r§ + jp]atT S} +8 (38)

Finally, the contribution of this motion to the dynamics of the assembled manipulator
is obtained by premultiplying the transpose of the Jacobian:

T T S T T : T
J platt fext = {] platt Mplat] platt } s+ [] platt Mplat] platt } s+]J platt g (39)

4.1.2. Rotational Dynamics

To consider the dynamics of the rotation around the center of mass, the Boltzmann—
Hamel equations are used. These equations allow a simpler resolution of the Lagrange
equations, using the components of the angular velocity of the platform in the UVW mobile
reference system as quasivelocities. The quasivelocities depend on the platform rotations 1,
6, and ¢ and their derivatives as follows:

‘ [ cp  spep O ] lP
Wpm = W-q= | —s¢ cpcp 0 0 (40)
0 —syp 1 ¢

Equation (37) relates the angular velocity of the platform in the XYZ reference system
with the global generalized coordinates of the mechanism through the Jacobian. Applying
the inverse of the rotation matrix and substituting Equation (37) in Equation (40),

Wpm = R Wy =R g $ =W-q = q= W LR e [$ =] (4D)

The Lagrangian due to this motion can be posed as a function of the kinetic energy
obtained in the UVW system:

1 T
Lpg = Tpg — Vi = Ewpm~1p~wpm (42)
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To differentiate the Lagrange equations with respect to the platform rotations, the
Boltzmann—-Hamel equations and the Lagrange equations make use of the quasivelocities
as partial differentiations in order to avoid too complex operations:

d (OLpg\ _ OLpg _ (9Wpm d (3Lpy +£ OWpm \ " ( OLpg \ [ OWpm\ " ( Ly, 43)
at\ oaq oq aq dt \ OWpm dt\ 9q OWpm oq OWpm
where
OWpm oL
(=)' &%®= ! (1ppm)
IWom aL
dt( % ) ( ) = IPWPm) (44)

OWpm dLp R
Jaq OWpm

Substituting in Equation (43),

(%5=)" (tpwpm)

d (oL, aL, . T OWpm \
1 (5) = ot = Westgm + Wl — (5522 ) T 49

To obtain the contribution of this motion to the global dynamics of the manipulator,

first, Equation (41) is introduced to relate the angular velocity in UVW with the global
generalized coordinates:

# ()~ = Wi

9
+ c[[w IPW} jo+ {WTIPW LW W — (a‘g’g‘“ ) Tlpw} ]q] 5 (46)

Then, premultiplication by the transpose of the J4 Jacobian is applied. In addition, as
the external torque is already calculated in the XYW reference system, it is premultiplied
by the platform Jacobian.

ngatRTeXt = [Jz; [WTIPW} Jq} s+...
o+ Jq[w IPW}]q—i—]q WILW 4+ W W — (W) W (T4 |6
4.1.3. Contribution of the Elastic Energy in the Spherical Joints

The relative motion of the platform with respect to the bars results in the elastic
deformation of the spherical joints, that must be taken into account. The Lagrangian
presents here only a contribution from the potential energy

31
Lpg = Tpx = Vi = *Z EBiT'Ki'Bi (48)
i=1
where
kg 00
T
Bi={ Bmi Bui Pi } Ki= [ 0 kys O ] (49)
O 0 kst

being that k¢ and kgt are the flexural and torsional stiffnesses of the spherical joints, and (;
is the angles obtained in Equation (26). Having calculated the corresponding Jacobians in
Equation (28), the contribution to the equation of motion can be posed directly as

d (OLpy OLp,  OVp & [10B{ Lor o 9Bi\ _ o1
dt( PR >_ 35— as — Lo\ gs KiBit 3B K *;J'“‘K“Bi 0

i=1
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4.2. Couplings between Actuators and 3PRS Manipulator

The local generalized coordinates of the manipulator coupling with the actuators are
the same as the global generalized coordinates, s;, where F; is the forces that the actuators
must do. The Lagrangian takes into account the kinetic energy of the couplings and the
elastic energy due to the deflection of the compliant revolute joints, where M; is the mass of
the couplings and k; is the flexural stiffness of the joints. Being that «g is the a angle in the
default position with no deformation,

L=T-V= Z( 7 — % —a0)2> (51)

Hence, applying the Lagrange equations, and introducing the transpose of the Jacobian
obtained in Equation (15), the contribution to the global dynamics in matrix form is obtained
as in Equation (52).

Mcoupg + JF&Kr‘x = fact + J&Kro‘o (52)

4.3. B;C; Bars

The local generalized coordinates selected for the bars are the position of the center of
mass, XGi, yGi, and zg;, and their angle «;. Being that M, is the mass of the bars and I, is
their inertia moment in that point, their Lagrangian is

Lbz - sz - Vbz
Mb IbG 2
Ty = (sz +}/Gl +Zcz> + 5 w; (53)
2
VbIZMngGi-ij(lxi_“O) + 2 ( +:B ) %( %ll)

Applying the Lagrange equation to each generalized coordinate of the bars and
grouping in matrix form,

M, O 0 O XGi 0 00 O XGi
0 M, 0 0 Jei L, [0 000 vei |
0 0 Mb 0 éGi 00 0 O ZGi o
0 0 0 I o 0 0 0 k a;

bG i . r i (54)
T ksf 0 0 ﬁmi 0
ot JBi—bi 0 ksf 0 ‘Bm' = —Mbg
0 0 kst ,Bli kr[xO

where the Jacobian that relates the rotations in the spherical joints with the local generalized
coordinates of the bar is

Jaxgi  9dygi 9zgi 04
Jaip = 9B aﬁm Bui  Pui (55)
Bi—bi dxg;  dygi 9dzg;i  On;

9B 9B 9B 9B

oxgi  dygi Ozgi o

Hence, in matrix form, the equation of motion of each i-th bar subsystem is

M;iGp; + K +J i 1iKiBi = 8pi (56)

Introducing the Jacobian in Equation (20) to apply the Principle of Energy Equivalence,

Ap; = Jpi's

, o (57)
Abi = Jbi's +Jbis
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Substituting in Equation (56) and premultiplying by the transpose of the Jacobian of
the bar Jp;, the contribution of each bar to the dynamics of the manipulator is

{Jl];iMbini} s + [JgiMbijbi] s + {JlTaiqubi + J5:iKiBi | = J5i8bi (58)
where ]Ti = ]Ifi]Ti_bi is obtained in Equation (28).

4.4. Dynamic Model of the Whole Mechanism

Taking into account all the contributions, the equation of motion of the 3PRS compliant
manipulator will be

[Mm +ii JE:MpiJpi] + [ngatTMplathlatT} + {LTI {WTIPW} ]qH S ...
_ s -

n ‘21 [JgiMbijbi} + {Jl];latTMplatjplatT} +... .
1= 5
[J a [WTIPW} J q+Ja {WTIPW + WI pW — ( avggm ) TIPW} Jq] (59)
+ _é [J,TgiKiBi} + é [JTiKiBi} + é DE:Keqp;] +TEKex — % Krao' T

+ _]glatTg_JtT)igbi} - [ngatTfext +Jg1atRText} = fact

4.5. Dynamic Model of the Control and Actuators

The manipulator is controlled using a joint-space control approach, where the workspace
position commands are fed through the inverse kinematic problem to obtain the position
commands s;. in the joint space. Then, the position control is done using a cascaded control
of position, velocity and current that is modelled in Simulink following the scheme of
Figure 6. A proportional controller (ky) is used in the position loop, whereas a proportional—-
integral (kp kj) control is used in the velocity loops. As the current loop runs at a lower
loop cycle, the conversion from current to torque is assumed to be immediate through the
motor torque constant kr, so the current loop is simplified in this way. The transmission
ratio of the actuators is ig.

eé k k] 11(‘ rmf 9
= > . S
i = Ax+Bu I/, 5

Mechanism 7; | y=Cx+Du b,
disturbance

Velocity Loop

Position Loop

Figure 6. Modeling of the control and actuators dynamics.

In the model represented in Figure 6, the dynamics of the actuators are represented by
a state-space model that relates, respectively, the motor torque and the mechanism distur-
bance with the motor velocity and the motor position. The state-space model is calculated,
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modeling the actuator transmission with a 2 degrees of freedom model with two inertias
coupled by a torsional spring and damper to consider the flexibility of the transmission.

Ti = J101; + c161; + ke (61 — 02) + ¢t (911‘ - 921‘)

. . . (60)
— T = J2b; + ki (02 — 61i) + ¢t (621‘ - 91i>
Hence, the terms of the state-space model are as follows:
0 1 0 0 0 0
A k' (meta) kTt oah! g_| 7t 0
0 0 0 1 0 0 (61)
keJa ™! ™ kTt e 0 —h!
C = 4 D = [0]4y,

5. Experimental Validation

A prototype is developed to test the validity of the mechatronic model developed.
All the elements of the compliant manipulator are built in Aluminum 7075-T6, as seen
in Figure 7. The actuators are linear belt drives from Igus of 70 mm/rev, model ZLW-
1040-02-5-100 coupled to RE-40 Maxon DC servomotors with GP-32 14:1 reductor. The
control system is implemented in a NI-PXIe 1062, which works in real time with a position
loop cycle time of 5 ms. The only sensors are the encoders of the Maxon motors and the
torque measurement from the motors” drives. Although the error in the transmission is not
compensated by the control, the mechatronic model has considered this fact in the control
model, so it should be predicted.

Figure 7. Experimental setup.

A compilation of all the dimensional parameters and dynamic parameters of the
compliant 3PRS as well as the control parameters is shown in Table 1. The stiffness of the
flexure hinges of the revolute and spherical joints was calculated by FEM in [24].

To validate the mechatronic model with the prototype, the simulated motor position
and torque are compared with the corresponding signals measured during the tests. Two
examples of the motions tested are shown here. First, the mobile platform performs a
translation in Z direction with a sine profile with an amplitude of 2 mm and a frequency of
0.5 Hz; see Figure 8. Then, the same motion is performed but with a phase shift between
actuators of 120°, see Figure 9, to generate a variable tilting in the table. To avoid problems
due to fatigue and cracks in the flexure hinges, a new set of bars is used.
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Table 1. Parameters of the compliant 3PRS: dimensions, dynamic parameters, control parameters.

Parameter Value Units
a 125.137 mm
b 47.61 mm
L 109.215 mm

M, 0.028 kg
I 2.36 x 107° kgm?
Myt 0.153 kg
g 45 deg.
Tplatu 6.834 x 107> kgm
Lpiato 6.834 x 10~° kgm?
Latw 1.309 x 107> kgm?
M; 0.204 kg
ky 98.37 Nm/rad
ks 32.665 Nm/rad
kst 24.46 Nm/rad
ir 2 x 7 x 14/0.07 -
ky 65 1/s
kp 1 As
K 8 A
kr 0.0302 Nm/A
I 1.423 x 10~* kgm?
I 4.817 x 1078 kgm?
¢t 1.085 x 1072 Ns/m
1 0.003 Ns/m
Om 1 Tm1
200 § 0.1
Vi Vi

Om 1 (deg.)
o

-200

200

Om 2 (deg.)
o

-200

200

Om 3 (deg.)

-200

-0.1

|
<
’
3
(
T 1 (Nm)
(=]
§
_
|
|
ik

0.1

exp.

\ /N /N ———um ] 2 0/\¥/ﬂ\//\v/x___m
(VAAVER VR VARV vV
-0.1 L " " L
2 4 8 10 0 8 10
t(s) t(s)
Oms Tm3
0.1 i
exp. exp.
§ = 4 7\ 4 §
sim. 3 % / \ sim.
\,
o /
, g
L -0.1
2 4 8 10 0 8 10

t(s)

Figure 8. Experimental vs. simulated signals: (Left) Angular position of the motors. (Right) Mo-

tor torque.
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t(s)
Om2
200
3 \ \ \ o £
() 0 —_ — _—_sim. Z
g /N /7 N/ N\ =
2 /N N N S Y ¢
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Figure 9. Experimental vs. simulated signals: (Left) Angular position of the motors. (Right) Mo-
tor torque.

6. Discussion

As it can be seen in Figures 8 and 9, the results obtained in both motions by the
simulation resemble the measurements, taking into account all the simplifications made
and the fact that the dynamic parameters used are the theoretical ones, that is, they are
not experimentally verified to evaluate the degree of accuracy of the simulation used as a
design tool previous to the manufacturing of the prototype. There is a little delay between
the experimental and simulated signals due to the difficulty in time aligning the initial
moment of the motion. Additionally, the error is higher in the rotation motion of Figure 9,
which is a more complex motion than the translation in Z of the Figure 8, where all the
actuators move in unison. There are several sources for these errors, mainly manufacture
errors in the prototype, the possible difference between the real dynamic parameters and
the estimated ones, the modeling errors, and the appearance of disturbances as friction and
nonlinearities in the linear belt drives.

What is more, the profile of the torque signals in both figures suggest that there are
nonlinearities in the system. Part of it is due to the dry friction in the actuators. However,
after examining separately the manipulator and the actuators with the linear belt drives,
the cause of that nonlinearity lies mainly on the linear belt drives, where the belt is not stiff
enough to properly actuate the compliant 3PRS. The belt is preloaded and works under
traction but, under higher forces, it is further deformed. As the length of belt under traction
is not the same when the drive moves in positive and negative directions, its stiffness also
changes depending on the direction of the motion. In addition, the top and bottom of
the angular position in the motors are flat, which could be related to this behavior of the
belt drives.

7. Conclusions

An integrated approach for the mechatronic modeling of a compliant 3PRS parallel
manipulator is presented. This approach considers the kinematics and dynamics of the
compliant mechanism, the dynamics of the actuators and the dynamics of the control
algorithm. The model can be used to validate the design of the compliant manipulator,
and to evaluate and select the best control algorithm or set of actuators by simulating the
response to a given motion profile.

The model is based on decoupling the dynamics of the manipulator and the actuators,
so that the input force on the manipulator is considered by the actuators as if it was a
disturbance that should be counteracted by the control.
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For the dynamic modeling of the manipulator, the flexures are simplified using a
pseudo rigid body approach, considering them as conventional joints with torsional springs
that model the bending or torsional moments. This simplifies the dynamic modeling,
avoiding the use of FEM, and the problem becomes more parameterizable. To solve the
inverse dynamic problem, the Principle of Energy Equivalence is used, which allows the
direct obtainment of the input forces required and also decouples the contribution to the
global dynamics of each part of the manipulator.

Regarding the dynamics of the control and the actuator, the control algorithm is simu-
lated, modeling the actuators with a 2-degrees-of-freedom model that allows considering
their stiffness, which can be relevant when trying to deform the compliant mechanism.

The model is validated with a prototype developed, proving that the predictions made
are similar to the experimental tests. Nevertheless, there are still some deviations that
can be due to all the simplifications made, but mainly seems to be due to the unexpected
nonlinear behavior of the linear belt drives used for the prismatic joints.
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Appendix A. Parasitic Motions

According to Figure 4, the position of the end effector point P is

OP={p: py p:} (A1)

The position of the spherical joints B; in the mobile reference system is

b —b/2 —b/2
PBj,,=<{ 0 PB, = { 3b/2 PB3y, = —/3b/2 (A2)
0 0 0

To represent those vectors in the fixed reference system XYZ, the rotation matrix that
relates UVW and XYZ is defined as

Uy Uy Wy cOc + sppstsp  —cOsd + sipsbcdp  cipsh
R=RoRyRyp = | uy v, wy | = cipsg cpep —si (A3)
Uy Uy Wy —sbcp + sipcls¢p  sOs¢p + sppcbedp  cipcd

where u, v and w are the unity vectors that define the axis of the UVW reference system,
and c and s refer to cosine and sine, respectively. Hence, the position of each spherical joint
in the fixed reference system XYZ is

OB; =OP+R-PBy, i=123 (A4)
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Considering that the revolute joints in C; restrict the motion of the spherical joints to a
plane defined by the linear actuators OA; and the manipulator bars C;Bj;, so the following
conditions must be met:

OBy, =0 OBy, = —/30B,, OBz, = v/30Bs, (A5)

Substituting the equations of restriction in Equation (A5) and the terms of the rotation
matrix in Equation (A3) into Equation (A4), the expressions of the parasitic motions of the
3PRS manipulator are obtained, which are a rotation around the Z-axis and two translations
inXandY:

¢$ = atan(cfpllffe) px = 5(cOcp + spsfsd — cipee) py = —bcpsg (A6)

Appendix B. Inverse Kinematic Problem

First, the following kinematic relation defines the position of the spherical joints with
respect to the origin of the actuators:

A;B; = OB; — OA; (A7)

The origin of the actuators in the XYZ system is

a —a/2 —a/2
OA; =< 0 OA, = \V3a/2 OA; = —v/3a/2 (A8)
0 0 0

In addition, the vectors C;B; that locate the spherical joints with respect to the prismatic
joints can be written as in Equation (A9). Their modulus is the length L of the bars:

CiBi = Llip = AjB; — A;G; = AiB; —si'sip (A9)

The unit vectors s;g define the positive direction of the actuators motion:

OA;
o= A10
Sio OAi ( )
The I;p unity vector defines the direction of the bars and is calculated as
B
lig = 5% (A11)
L
Rearranging and squaring Equation (A10), a quadratic equation is obtained.
s? — 2s;-si0-A;B; + A;Bi-A;B; — L? = 0 (A12)

Solving it, the inverse kinematic problem, that is, the position of the actuators s; is
calculated.

s; = (sjo-AjB;) £ \/(SiO'AiBi)z — A;B;-A{B; + L2 (A13)

Appendix C. Direct Kinematic Problem

Calculating the vectors that define the position of the spherical joints with respect to
the revolute joints in C;,

OBi — OCi = OBi — (OAi+ACi) = CiBi (A14)

In addition, imposing the condition of fixed length L of the C;B; bars in the follow-
ing equations,
|CiB;|* = |OB; — OC;[* = L (A15)
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where the OC; vectors are

a—s —(a—s2)/2 —(a—s3)/2
OC1—{ 0 } OCz—{ (a—52)v/3/2 } OC3—{ —(a—s3)V3/2 } (Al6)
0 0 0

Substituting Equation (A16) and Equation (A4) in Equation (A15) for each i bar, the

following nonlinear equations are obtained, which allow calculating the position p, and
the angles ¥, and 0 of rotation around the X and Y axes.

(px + b(cOcp + sipstsg) — a +51)” + (py + bews)® + (pz + b(—sbcp + sipedsp))> — L2 = 0
(px — (et + systs) + Y32 (—cbsg + spsbeg) + 52 )+
ot (py = Slepsg) + YR (epep) - L)
ot (pe = §(—sbog + spetisg) + Y32 (59 + speieq) ) — L2 =0 (A17)
(p — $(ctep + spstsg) — Y32 (~clsp+ spsbep) + 52) +
ot (py = blepsg) — YB(epep) + L) o

et (pz — b(—sbc + spchsd) — YL (s6sp + sgbcécgb))z —-12=0

Appendix D. Passive Coordinates

The rotation in the compliant revolute joints is measured by the angle x; between the
C;B; bars and the XY plane can be calculated as

a; = acos(lijp-sjp) (A18)

The rotation of the joint is then calculated as the difference between o and the default
angle 45°.

To calculate the rotations in the spherical joints, angles i, Bni and By;, the relative
rotation matrix between the MNL reference systems in Figure A1 must be obtained. Two
reference systems MNL are used with the origin in the B; spherical joints. The first one, Sy,
is fixed to the mobile platform, and the second one, 5;, is fixed to the C;B; bars, as it is seen
in Figure A1l. Rotations around the axis defined by unity vectors m; and nj, i and Py;,

refers to the deflections in the spherical joint in those directions, and rotation around the
axis defined by I;, 3;;, measures the torsional deformation of the joint.

Figure A1. Reference systems in the spherical joints.
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First, regarding the unit vectors of the 5;y system in the fixed reference system XYZ is,
ljo is already shown in Equation (A11). Additionally, m;, is the unit vectors orthogonal to
the vertical planes that contain the bars, defined as

0 V3/2 —-v3/2
miy = -1 pmpy = 1/2 msz) = 1/2 (A19)
0 0 0
Unity vectors njg are calculated from the following cross product:
njp = ljp X mjg (A20)
Hence, the rotation matrix Rjg of the reference system Sy is

Rio=[myp ny I | (A21)

Doing the same for the Si reference system, unit vectors m;, n; and ; in the UVW
system are defined as

mim = Myp mpm = myg mzm = mM3p
V2/2 —V2/4 —V2/4

Nim = 0 Nom = \/6/4 nym = —\/6/4
V2/2 V2/2 V2/2 (A22)
-v2/2 V2/4 V2/4

11m = 0 12m = _\@/4 1?:m = \@/4

V2/2 V2/2 V2/2

In the fixed reference system XYZ, those vectors are expressed premultiplying with
the rotation matrix of the mobile platform:

Ri=[m ni ;] =R[ miy nNim lim | (A23)
Finally, the rotation matrix Rj.jp between reference systems S;p and S; is obtained as
Ri.io = RipR; (A24)

On the other hand, Rj.jp can be developed as a function of the three consecutive
rotations around m, n and 1 axis. The resultant matrix is

Ri_jo = Rm'Rn Ry
C:B”iC:Bli _C:Bnis:Bli S:B”i (A25)
Ri—iO = SleisﬁniclBl,‘ + Cﬁmis,ﬁli _s:Bmis:Bnis.Bli + Cﬁmicﬁli _S:Bmicﬁni
_C,Bmisﬁ"icﬁli + Sﬁmisﬁli Cﬁmisﬁ”isﬁli + Sﬁmicﬁli CleiC:B”i

Equaling terms in Equations (A24) and (A25), the following rotations for the spherical
joints are obtained:

,Bmi = atan (;RIESO(gé?) ) ﬁm’ = aSil’l(Ri_i() (1, 3)) ,Bli = atan (;RRi_'iO Sﬁ) ) (A26)

i-i0
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