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Abstract: A statically balanced mechanism is designed as a potential solution for the positioning
of surgical instruments. Its kinematics with five degrees of freedom that decouples linear and
angular motions is proposed for that objective. The linear motion of its end effector is provided by a
classical parallelogram linkage. To enhance its adaptability, a mechanical system allows re-orienting
the position mechanism in three different working modes (horizontal, upward and downward)
while preserving its static balance. Based on the mechanical concept, a uniformized static balancing
condition that considers all working modes is given. The orientation of the end effector is provided
by a spherical decoupled mechanism. It generates a remote center of motion which is highly
representative of kinematics in surgery requirements. Based on the mechanism kinematics, the
evolution of its gravitational potential energy is studied. Two different mechanical concepts are then
proposed to generate a compensating elastic potential energy. A CAD model of the entire mechanism
has allowed the estimation of all mechanical parameters for the selection of the appropriate tension
springs and for carrying out validation simulations. A prototype of the statically balanced mechanism
is fabricated and successfully tested.

Keywords: statically balanced mechanism; parallelogram linkage; spherical mechanism; remote
center of motion; decoupled mechanism

1. Introduction

While performing some surgical tasks, surgeons often need an instrument to be
maintained in a desired position and orientation. Another surgeon will be required to
provide this task to assist with the surgery. To suppress the need for medical personnel to
hold these instruments for a long period of time, surgical rooms are often equipped with
specific mechanical holders. Two types of model appear to be widely used: the first one
is a mechanical holding arm the end effector of which can be manually fixed in position
by operating a lever that locks all the mechanism joints at once. The second one is a
mechanism that can be fixed using a pneumatic system to lock all joints. An example of
both kinds of device can be found among products of the AESCULAP company [1]. During
surgery, these kinds of arm are operated by unlocking the mechanism, manipulating it into
a desired configuration and then re-locking the mechanism joints to maintain both position
and orientation.

1.1. Contribution of Statically Balanced Mechanisms

The major issue with these devices is the residual motion observed during the mech-
anism locking phase. Although the operator can manually position the mechanism very
precisely, its accuracy is considerably compromised once the mechanism is locked even
without external forces. Mechanism science can potentially generate a solution to this
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problem. In the case of medical applications that do not require any force interaction with
tissues, the problem of the residual motion mentioned above can be solved easily by the
use of a statically balanced mechanism (SBM). This particular device has become a specific
topic in mechanism science. These fully passive manipulators can be manually operated to
move their end effector while their characteristic allows them to automatically compensate
the effects of gravity. It is consequently not required to unlock the mechanism before each
position adjustments and to re-lock it after, which suppresses the residual motion during
the locking phase.

1.2. Static Balancing of Parallelogram Linkages

In 1995, a technique using tension spring to compensate the gravity applied on passive
mechanism is introduced. It is dedicated to articulated architectures composed of paral-
lelogram linkages rotating about the horizontal axis [2]. It is shown that each individual
parallelogram can automatically compensate its own weight and the weight of following
ones. To achieve this characteristic, the appropriate springs attachment points and stiff-
nesses are calculated so that the elastic potential energy (EPE) evolution can compensate
that of the gravitational potential energy (GPE). The total potential energy (TPE) is therefore
constant and does not change with the mechanism configuration. This method has been
implemented in a pantographic mechanism for a rehabilitation device since 2005 [3]. In this
study, three different mechanism linkage concepts are investigated and the respective stiff-
ness of their four springs are determined to compensate for the weight of the patient’s leg.
Later, one of these concepts has been used to develop the rehabilitation device [4]. In 2016, a
statically balanced mechanism was developed for the manual positioning of an endoscope
for surgery [5]. The passive mechanism was composed of two parallelogram linkage for
linear positioning and one double pantographic mechanism for orientation. Both parts
of the manipulator were statically balanced using zero-free-length tension springs. The
same year, a design method based on space mapping was proposed to compensate for
the gravity on a parallelogram mechanism [6]. A gravity counter-balance was integrated
in another parallelogram mechanism. An additional linkage was attached to it by roll-
pitch-yaw spherical wrist. Using a combination of tension springs, cables and pulleys, the
parallelogram and the linkage were statically balanced by one spring each [7].

1.3. Static Balancing of Diversified Mechanical Archtitectures

Although parallelogram architectures seem to be widely used in this topic, cases
of statically balance mechanisms with other kinds of architecture can be found in the
literature. For example, the gravity compensation of a 6-degrees of freedom (DoF) parallel
mechanism was reported in 1998. Each leg of the hexapod architecture was composed
of one parallelogram linkage followed by one linkage. Each part of one leg was attached
with one tension spring [8]. Later in 2000, a study proposed the static balancing of four
different parallel mechanisms. They differed from one to another by their leg architectures
and their respective gravity compensations were provided by tension springs and/or
counterweights [9]. In 2004, a double hexapod architecture was statically balanced using a
counterweight ball that was attached to the platform via a pantographic mechanism. This
design method allowed the mechanism to maintain a stationary global center of mass [10].
A static balancing manipulator was developed for the ultrasound scanning of blood vessels
in 2007. Torsion springs were used on passive and active revolute joints to reduce the
motors required torques [11]. In 2010, a study proposed to provide the static balancing of a
planar mechanism using non-parallelogram linkage to avoid the singularities and collisions
associated with it. The location of the tension spring installation and their parameters
were determined by solving the isotropic condition of the stiffness block matrix [12]. Based
on this methodology, a 4-DoF planar mechanism was developed in 2012 [13]. The static
balancing of a closed-loop planar mechanism with one DoF was performed by integrating
two colinear springs [14]. Using a spring-gear concept, a planar mechanism based straight
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open linkage (instead of parallelogram) was statically balanced [15]. The same design has
been used for the static balancing of a Delta mechanism [16].

1.4. Objectives

With the idea of holding and manipulating surgical instruments, the objective of the
present work is to design a multidirectional mechanism that is statically balanced. The
mechanical architecture will generate a total of 5 DoF for the position and orientation
of lightweight instruments. The linear motion will displace the end effector with 3 DoF
and the angular motion will orient it with 2 DoF. As statically balanced mechanisms
work only for a given direction of the gravity, they can be designed only in a specific
orientation. This means that they may not be re-oriented to adapt with a geometrically
different environment. In a medical room for example, a passive manipulator may be
placed horizontally on the side of the clinical bed or vertically above it. No device is able to
comply with both situations so two different manipulators shall be designed for these two
cases. In order to increase its adaptability with different medical room organization, the
proposed mechanism will offer the possibility of reconfiguration in several working modes
in order to enlarge its workspace and change its general direction. This feature remains
absent from the literature. A mechanical concept will be proposed for the uniformization
of the position mechanism’s static balancing. It will allow the rapid reconfiguration of
the mechanism in several working modes. To achieve this goal, the rest of the present
document is organized in six Sections. Section 2 describes the mechanism concept and
provides its kinematic analysis. Section 3 presents the static balancing of the position
mechanism and the concept that ensures a static balancing in all working modes. The static
balancing of the orientation mechanism is presented in Section 4. Section 5 will identify the
required mechanical parameters and illustrate the mechanism prototype testing. Section 6
provides the conclusion.

2. Kinematics of the Statically Balanced Mechanism

The motion generated by the SBM is defined based on a specific mechanical architec-
ture concept. For the study of any SBM, the understanding of its kinematics is required
before proposing a mechanical concept for the static balancing method.

2.1. Definition of the Mechanism Concept

The SBM is required to manipulate a thin tool or instrument with both linear and
angular motions. It will have a total of 5 DoF, decoupled between 3 linear DoF and
2 angular DoF. The mechanical concept will rely on a hybrid mechanism. It is composed
of two different mechanisms: one mechanism that manage the linear positioning and one
mechanism that provides the angular positioning. The first mechanism is a position mech-
anism that generates the 3 linear DoF. Its main function is to displace the center of rotation
of the end effector in a 3-D space. The second mechanism is an orientation mechanism that
rotates the end effector around a horizontal two axes. As in many applications such as
for the manipulation of instruments in surgical procedures, it shall be more advantageous
to use a rotational mechanism that generates a remote center of motion (RCM) as stated
in review study on minimally invasive surgery in 2012 [17] or in comparative study for
tele-echography in 2014 [18]. Minimally invasive interventions are being standardized due
to their advantageous safety. Consequently, the mechanism end effector will be pointing
constantly at a center of rotation while rotating around it.

The position and orientation mechanisms mentioned above will be assembled into a
hybrid mechanism. The position mechanism will provide linear motion by means of two
linkages connected by 3 revolute joints. The two first joints are located between the base
and the proximal linkage and their rotation axes are orthogonal. The third revolute joint is
located between the first and second linkages. While the second and third joints allow the
linkage to move on a plane along 2 linear DoF, the first joint provides the rotation of that
plane around an axis passing through the mechanism base. This gives a total of 3 linear
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DoF. Another functionality of this mechanism is the ability to be re-oriented in order to
provide enhanced reachability with a larger workspace. An additional revolute joint with
a special locking system will be added to punctually change the global direction of the
position mechanism. As shown in Figure 1, there are 3 possible working modes: horizontal,
vertical upward and vertical downward.

(@) (b) (c)

Figure 1. Possible working modes of the position mechanism: (a) horizontal, (b) vertical upward and (c) vertical downward.

The orientation mechanism is mounted at the end of the position mechanism and is
made of a spherical decoupled mechanism (SDM) assembled as a 5-bar spherical linkage.
It has been proposed and studied in 2018 as a mechanism that merges the kinematic
advantage of decoupled architecture while maintaining a simple design compared to
other decoupled mechanisms [19]. In 2020, its optimization into a manipulator for neuro-
endoscopy has been reported, which shows that it is well adapted for orienting thin and
light instruments [20]. As seen in Figure 2, this mechanism is made of four spherical
linkages referred to as A, B, C and D. They are connected via a total of five revolute joints.
The linkages A and B are connected to the mechanism base via two of these joints. The
point Os is the origin of the reference frame and the location of the center of rotation, where
all joint axes are intersecting. The axes xg and yg of the reference frame are, respectively,
passing through the first revolute joint of the linkage A and B.

Xc g, Zg Yo

Figure 2. Mechanical architecture of the orientation mechanism.
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In order to simplify both kinematic and static balancing studies, all linkage dimensions
are equal and are given by the length I for the position mechanism and the angle « for the
orientation mechanism. A general kinematic representation of the 5-DoF SBM is given in
Figure 3. It is assumed that the (Osxgys) plane of the SDM will remain horizontal while
being displaced by the position mechanism.

Figure 3. Kinematic representation of the 5-degrees of freedom (5-DoF) statically balanced mechanism (SBM).

2.2. Kinematic of the Position Mechanism

The kinematic associated with the position mechanism is very simple and can be
found through the geometric method. The position of the end effector can be written as a
vector of three components, pg = [xr ¥t zg]T. For the resolution of the forward kinematic
model (FKM), the expressions of each component of pg are written with respect of the
coordinates of the mechanism’s three revolute joints given by angles 8, 6; and 6,. When
the position mechanism is locked in horizontal working mode, the FKM can be written as
follows:

XE I(cos 6y + cos ;) sinfy
Pe=| ve | = | I(cosf; +cosbr)cosby |, 1)
ZE l(Sil’l 01 + sin 92)

A parameter that considers the desired working mode of the mechanism can be directly
integrated in the kinematic model to obtain a unified model. A locking joint variable 6;
is integrated. It can take three possible values: 0 for horizontal working mode, 7t/2 for
vertical upward and —7t/2 for vertical downward working mode. Although the variable
the 61 could be directly changed by +7/2, it has been chosen to use this new variable as
an anticipation to the definition of the mechanism design presented in Section 3.2. The
mechanism unified FKM can be then written by considering that the angles 6y and 6; orient
the base of the two parallelogram linkages. The position of the position mechanism end
effector is, therefore, written as:

0
P = Rz(00)Rx(01) | I(cosby + cosby) |, 2
I(sin 1 + sin 6,)
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It is developed and written as follows:

— cos 0, sin Byl (cos 61 + cos ;) + sin 07, sin 6yl (sin 61 + 6)
Pg = | cosfr cosbyl(cosbq + cosby) — cosbsinbl(sindy +sinby) |, (3)
sin 0 1(cos 6 + cos 0) + cos 01 (sin 61 + sin 6,)

where 0} is -t/2, 0 or 71/2, regarding the mechanism working mode.

2.3. Kinematic of the Orientation Mechanism

One advantage of the SDM is the simplicity of its kinematic model compared to
most spherical mechanisms. It can be resolved simply using spherical trigonometry. The
resolution method has been treated in previous studies [21]. The FKM of the SDM can be
written as follows:

.1 2 : 2
@x =sin" " ( (cosa)” + (sina)” cosOp
) , 4)

@y = sin~!((cos x)? + (sina)? cos GC)

with @y, ¢y € [-7/2; 7t/2]. Using Equation (5), the Inverse Kinematic Model (IKM) of the
mechanism is obtained by expressing the joint variables 6p and 6¢ with respect to the end
effector angular coordinates ¢, and ¢y.

fc = £ cos™!( (sin g, — (cos oc)2> /(sina)?
1

, ©)

fp = £ cos " ( (sin ¢y — (cos rx)z) / (sina)?

It is anticipated that studying the static balancing of the SDM will require the joint
coordinates 64 and 0p as well. A previous version of the 5-bar spherical linkage that does
not offer decoupled motion has been studied in 2010. In that study, the first joint of each
RRR arm was calculated as part of the IKM [18]. These joints correspond to the passive
joint of the present SDM. Therefore, their coordinates can be calculated as follows:

- _1 ( sinex—cosey cos(rr/2) _1 ( cosa—cosey cos(7/2)
04 = cos ( sine, sin(71/2) =+ cos siney sina

0p = cos— 1 (Smfyfcosexcos(”/z)) 4+ cos! (cosrxfcosexcos(n/z)) : (6)

sinéey sin(7r/2) siney sina

By substituting Equation (6) in Equation (7), the expression of the passive joint vari-
ables can be written as follows:

04 =cos! (COSGD> + cos™! ( cos

sinfc sinfc sina (7)
_ —1( cosfc -1 cos & ’
93 = cos ( sin 6p ) + cos ( sin fp sina

Based on the kinematic of the mechanism, the position of all linkages will be known
for every configuration. They are required to determine the gravitational potential energy
of the mechanism which is calculated using their height.

3. Static Balancing of the Position Mechanism

The mechanical concept is proposed to insure the conservation of the mechanism
potential energy in every possible configuration.

3.1. Static Balancing of the Multi-Directional Parallelogram Mechanism

In the case of a horizontal parallelogram as seen in Figure 4a, the expression of the GPE
is calculated by simply projecting the position of the center of mass and multiplying it by
the gravitational constant ¢ and by the mass of all moving linkages. For each parallelogram,
the moving linkages include the distal transversal linkage and the longitudinal ones the
synchronized rotation of which is given by the input variable 6; (i = 1, 2). The proximal
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transversal linkage is not included. The tension spring has a stiffness given by the parameter
k; and its attachment points on the longitudinal and transversal linkage are given by the
parameters [;; and [;; respectively.

any o | N

(a) (b)

Figure 4. Parallelogram linkages of the position mechanisms in horizontal (a), upward (b) and downward (c) working

modes.

For a parallelogram linkage which configuration is given by the variable 6, the static
balancing condition is written as follows:

d d

—(Er) = 55 (Eg + Ex) =

75 Er) = Z5(Ec + Ex) =0, ®)
where Et, Eg and Ey are the total, the gravitational and the elastic potential energies. Based
on the mechanical parameters shown above, the TPE of the second parallelogram can be
differentiated with 0, and assumed to be zero. The variable 6, can then be eliminated and
the spring stiffness that guarantees the static balance in any configuration is written as
follows:

_ Ixgxmpy

ko = )

2115

The same method is applied to the first parallelogram linkage. The difference is that
the mass of the parallelogram linkage coming after must be considered in the GPE since it
has to carry it as well. The first spring stiffness is isolated and written with respect to the
over mechanical parameters as follows:

2myry + myq

10
2l1hp 10)

ki =1%gx

3.2. Mechanical Concept for the Uniformization of the Position Mechanism Static Balancing

In order to ensure the position mechanism static balancing in any working mode,
it is proposed to add in each parallelogram an adjustment linkage that is oriented from
the longitudinal linkage by a parameter depending on the desired working mode. As the
mechanism configuration is changing, the elongation of the tension spring attached to it
evolves as well. This evolution can be changed by relocking that adjustment linkage into
another position regarding the desired working mode of the mechanism. The mechanical
concept is illustrated in Figure 5. The rotation of the added linkage can control the mecha-
nism working mode. The angle between this linkage and the longitudinal linkage of the
parallelogram mechanism corresponds to the parameter 6;. Based on this concept, the
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elongation of the tension spring is controlled by the angles 6; and 0. While 6; controls
the progressive elongation of the tension spring in a specific working mode, the angle 6},
defines how the elongation shall evolve. It is noted that in the case of 8], = 0, the proposed
concept will simulate the architecture of the classical parallelogram in horizontal working
mode.

Figure 5. Mechanical concept for the uniform static balancing of the position mechanism.

According to the mechanical concept illustrated in Figure 5, the elongation of the
tension spring can be calculated as follows:

e = \/lilz + 152 =21l sin(6; 4 61). (11)

wherei=1or2and 0 = —n/2, 0 or /2 regarding the mechanism working mode. As a
result, the EPE of the parallelogram linkage can be calculated as follows:
ki

Exi = 5 (lilz + lizz —2l41H sin(Gi + 9L)> . (12)

3.3. Results

Based on the mechanical concept, the EPE and GPE of all linkages can be calculated. It
is now possible to determine the spring stiffness with respect to the mechanical parameters
to ensure the mechanism static balancing. The study starts with the second linkage which
potential energy conservation includes the expression of its EPE and GPE is written down
as follows:

d <l*g*mL2

. kyro o 2 . _
6 . 51n(9L+02)+§<121 +In? = 2bysin(6, +01)) ) =0 (13)

By simplification of Equation (14), the required spring stiffness is isolated and its
expression is written with respect of the other linkage mechanical parameters as follows:

_l*g*mLz

k2 = 2Dl 14)
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The same method is applied to the first linkage and the required spring stiffness for
the first linkage is isolated and written as follows:

o — Ixgx(mpy+2mpy)
! 2l1l2

(15)

The relationships between the mechanical parameters to ensure the static balancing are
known. But these parameters must be determined based on a highly realistic CAD model
for a real application case. Indeed, some parameters such as the linkage sizes or masses
can only be assumed at this point of the study. Also, the above study does not consider
the mass of the orientation mechanism that will be attached to the position mechanism. Its
mass should be included in the calculation of the GPE of the linkages. The final parameters
considering the presence of the orientation mechanism will be identified in Section 5.

4. Static Balancing of the Orientation Mechanism

According to Gosselin et al., it is possible to statically balance a close chain mechanism
using elastic elements, i.e., tension spring [22]. Based on the kinematic of the chosen
orientation mechanism, the evolution of its GPE is studied and a mechanical concept is
proposed to generate a compensating EPE.

4.1. Evolution of the Gravitational Potential Energy

The evolution of its GPE will be studied for each linkage individually. Therefore, their
height must be determined with respect of the mechanism configuration. The moving
linkages of the SDM are referenced by the capital letter A to D. Their mass are given by the
parameter mg, with K=A4, ..., D. A moving reference frame is associated to each moving
linkage and the coordinates of their respective center of mass are given in these moving
reference frames. They are referenced as {xk yk zk}, with K=A, ..., D. A series of rotation
matrices are then used to calculate these coordinated in the mechanism general reference
frame. They will be expressed with respect to the mechanism joint coordinates. According
to the mechanism revolute joint locations and curved linkage dimensions, the different
rotation motions between the linkage reference frames are shown in Figure 6.

Linkage center
of mass

Figure 6. Reference frames and centers of mass associated to the spherical decoupled mechanism
(SDM) linkages.

Based on this kinematics, the position of all linkages center of mass are calculated. In
order to simplify the study and the coming design of the mechanism, the parameter « that
gives the size of all linkages is set to 7t/2. The position of their respective center of mass in
their own reference frame are given by the coordinates uy, u, and u, (with u =4, b, ¢, d).
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As the linkage A is rotating around axes x (or x ), the position of its center of mass pjy is
described as one rotation around the x axis of angle 64 given by Ry(64) and written as:

ax
Pa = Rx(04) [ ay ] (16)

az

and for the linkage B, as one rotation around the y axis of angle 0 given by Ry (0p), it is
written as:

by
Ps = Ry(elB) [ by ] . (17)

The center of mass coordinates for the linkage C can be calculated for each linkage
as one rotation around x axis of angle 84 given by Rx(64), one rotation of —7/2 around
z axis given by Ry(71/2) and one rotation around x axis of angle 8¢ given by Ry(0¢). The
coordinates are, therefore, calculated as follows:

Cx
pe = Rx(0a)Ra(—7/2) Ry (6¢) [ iy ] (18)
Cz

Based on a very similar kinematics, the position of the center of mass for linkage D is
written as:

dy
Pp = Ry(08)Rz(71/2)Ry(6p) [ dy ] . (19)

dz
For the calculation of their respective GPE, the height of linkages A, B, C and D,
respectively given by pa(3), p(3), pc(3) and pp(3) will be, respectively, noted hy, hp, hc
and hp. They are all regrouped in the vector h = [h4 hp hc hp]T and the linkage masses are
regrouped in the vector m = [m4 mp mc mp]T. Therefore, the total GPE of the SDM can be

written as follows:
Eg = ( 8 >mTh. (20)
my + mp+ mc + mp

4.2. Mechanical Concepts for the Orientation Mechanism Static Balancing

In order to ensure the static balancing of the SDM, the GPE of each linkage must be
individually compensated for by their EPE, which means that each SDM linkage must be
embedded with a mechanical design that elongates a tension spring appropriately while
their configurations are changing. One simple solution to generate such an elongation is
to design the linkages A and B as parallelogram linkages like for the position mechanism.
The drawing of the conceptual design is shown on Figure 7 taking the example of linkage
B. They are made of two parallel linkages that present a right angle separating two straight
sections. While the distal sections of both linkages form a rectangle, the proximal sections
of both linkages form a parallelogram architecture with the same kinematic as those of the
position mechanism. In the present design, this parallelogram is used to accommodate the
tension spring that is elongated in the same way as the horizontal parallelogram. The same
concept is used for linkage A.
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Proximal linkages

Distal linkages

S

Right-angle elbows

Figure 7. Conceptual design of the static balancing for the SDM first linkage.

According to the above mechanical design concept, the elongation of the springs on
linkage A and B are simply calculated using the same method as for the parallelogram
linkage. Their respective elongations e4 and ep are calculated below:

ea = Va2 + ax2 + 2a1a5in0 4. (21)

g = \/blz + b22 - 2b1b25i7’193 (22)

and their respective EPE can be written as follows:
k
Exa = 7A <€l12 + (122 + 2a1azsin6A). (23)

Exg = %B (blz +by? — 2b1b25in93) (24)

The GPE evolution of the linkages C and D is more complex as it depends on two
angles at the same time. A mechanical concept illustrated in Figure 8 is proposed for the
elongation of the spring. The linkage D is taken as an example. While this linkage is
oriented by the angles 6 and 0p, the parallelogram design of the linkage B allows it be
connected to a platform the orientation of which remains unchanged.

~,

Linkage D

Figure 8. Conceptual mechanism for the elongation of the SDM second linkage.
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Based on the above mechanical concept, the rotation of the linkage C generates an
elongation calculated as follows:

ec = \/c12 + ¢p2 — 2c1¢pc088¢. (25)

where J¢ is the angle between the longitudinal axis of the linkage C given by the axis
yc and the vertical axis passing through its center of rotation. Based on the mechanical
concept shown in Figure 8 and on the kinematic associated with the second linkage of each
arm, the projection given by angle d¢ can be replaced by a projection given by the angles
04 and 6c. Therefore, Equation (25) can be written as follows:

ec = V12 + 22 + 2¢102c050 ASinbc. (26)
The elongation obtained is used to calculate the EPE of the linkage C as:
k
Exc = 7(: (c12 + e + ZClczsinGAsiné)C). (27)
Since the SDM is a symmetric mechanism, the linkage D that is designed the same

way will generate a similar elongation. The same method is used for the linkage D to
calculate the elongation and to integrate it in the EPE formula as follows:

ep = \/d12 + d22 — 2d1d2C0$935iﬂ9D. (28)
k
Exp = 7’3 (c12 +0% — 2clczcoségsin9p) (29)

4.3. Results

Once the mechanical concept has been defined to ensure the static balance of the
mechanism, the objective is to determine the mechanical parameters required to satisfy the
potential energy preservation for any configuration. The linkages A and B show a concept
very similar with the classical parallelogram linkage. Based on Equations (16) and (23), the
total potential energy of the linkage A is developed as follows:

d k
J0s <mA * g% ay *sinfa + 7A (alz +ap% + Zalazsin6A>> =0. (30)
A
The simplification of Equation (32) allows isolating the required spring stiffness and
writing its expression with respect to the other linkage mechanical parameters as follows:

ma * g *az

ka = (31)

ajan
The method can be applied to the linkage B to isolate the required spring stiffness for
the linkage B as follows:
_ mp*xg*Dby
byby

To determine the mechanical parameter required for the static balancing of the linkages
C and D, the method used above is also applied. For the linkage C, the following potential
energy conservation formula is written as:

kg = (32)

82

, ke 2, 2 -
2 = U.
786A89C (mc * g * cy(coshpsinbc) + 2 <c1 4+ + clczsanAcoséc) 0 (33)

The expression of the spring stiffness can be isolated as follows:

_Ti’lc*g*Cy

k prm—
¢ Cc1C2

(34)
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Using the same method, the potential energy conservation formula is written and the
spring stiffness expression for the linkage D is obtained as below:

_mp kg *dy

kp = d1d;

(35)
Based on the spring stiffnesses given above, it is possible to ensure the SDM
static balancing by adjusting all the mechanism mechanical parameters accordingly
to Equations (31)—(35). However, some of these parameters (masses, sizes, etc.) cannot be
determined without a preliminary prototype or at least a realistic CAD model.

5. Mechanical Design of the Statically Balanced Mechanism

The formula of all spring stiffness to ensure the mechanism static balancing have
been calculated in Sections 3 and 4. The relationships between the different mechanical
parameters to respect the potential energy conservation are all known. In order to determine
them numerically for the design and fabrication of an actual prototype, a realistic CAD
model must be used to simulate some parameters (such as the mass) and to adjust some
others (such as the spring attachment points).

5.1. Design of the Mechanism Prototype

The kinematic drawing of the mechanism presented in Figure 3 has been used as a
reference for the design of a realistic CAD model on Solidworks. The general linkage size
parameters of the mechanism are illustrated on the CAD model in Figure 9.

Figure 9. CAD model of the multidirectional statically balanced mechanism. Joint variables of the position (a) and

orientation (b) mechanism.

As shown in Figure 10, the change of working mode is done by manually rotating the
adjustment linkage in the appropriate direction given by the parameter 0;. A mechanical
system using a compression spring and positioning pins allows locking the adjustment
linkage by pulling, rotating and releasing. The same concept is used to lock the base of the
mechanism in the appropriate orientation. The spherical mechanism can be also re-oriented
and locked to maintain its (Osxgys) horizontal plan in any working mode using the same
design.
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|

Figure 10. Adjustment linkage operating for the vertical upward (a) and downward (b) working modes.

5.2. Identification of the Mechanical Parameters

Based on the CAD model, all mechanical parameters of the mechanism used for the
static balancing study are given in Table 1 for the position mechanism and in Table 2 for
the orientation mechanism.

Table 1. Mechanical parameters of the position mechanism.

Variables Values
! 540 mm

111 50 mm

2 95 mm

121 50 mm

122 95 mm
mpq 537.34 g
mpo 575.29 g

Table 2. Mechanical parameters of the orientation mechanism.

Variables Values Variables Values
[ax ay a;] [80.03 —99.21 0] 1 40 mm
[bx by b;] [—99.18 80.28 0] o) 60 mm
[ex ey c2] [72.63 —66.44 0] dq 40 mm
[dy dy d:] [—61.36 69.72 0] dy 60 mm

M 75 mm ma 19748 g
ap 20 mm mpg 19748 g
by 75 mm me 48.74 g
by 20 mm mp 4852 ¢

All identified parameters are used to calculate the tension spring stiffness required
for the mechanism static balancing. For each linkage of the orientation mechanism, the
required parameters are used in Equations (31)-(35). The theoretical spring stiffnesses
are obtained and displayed in Table 3. However, available springs in the market do not
necessarily offer the same values. Therefore, each spring is selected with a stiffness as close
as possible. The stiffnesses of the real springs are displayed in Table 3 as well.
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Table 3. Tension spring stiffnesses for the orientation mechanism.

Spring Stiffnesses Theoretical Values Available Values
ka 0.1281 N/mm 0.13 N/mm
kg 0.1281 N/mm 0.13 N/mm
kc 0.0132 N/mm 0.02 N/mm
kp 0.0122 N/mm 0.02 N/mm

Since the spring stiffnesses have changed, the mechanical parameters involved in
their expression must be changed as well to ensure the static balancing. It would be very
difficult to change the mass of the linkages or the coordinates of their center of mass, so it is
chosen to recalculate the attachment point of the tension springs. These modifications are
displayed in Table 4 and the CAD model has been refined based on these new parameters.
The resulting changes of mass and center of mass are considered negligible.

Table 4. Refined mechanical parameters for the orientation mechanism.

Refined Parameters Original Values Refined Values Selected Values
ay 75 mm 73.90 mm 74 mm
by 75 mm 73.90 mm 74 mm
1 40 mm 26.50 mm 26 mm
dq 40 mm 24.34 mm 24 mm

The same principle is applied for the position mechanism. The theoretical stiffnesses
can be calculated from Equations (14) and (15). However, the mass of the orientation
mechanism, mg = 815.47 g, will be considered this time. The new stiffness expressions are
given as follows:
mrq + 2mpp + 2mg

ki =1%gx Il (36)
D1l

These new stiffnesses and those of the commercially available springs are displayed
in Table 5.

Table 5. Tension spring stiffnesses for the position mechanism.

Spring Stiffnesses Theoretical Values Available Values
kq 3.7013 N/mm 3.73 N/mm
ko 2.4605 N/mm 2.39 N/mm

The parameters associated with the position of the spring attachment points are
refined in Table 6. Based on the present design shown in Figure 10, the parameters /1, and
Iy» can be manually adjusted by relocating and tightening the spring attachment point on
the transversal frame.

Table 6. Refined mechanical parameters for the position mechanism.

Refined Parameters Original Values Refined Values Selected Values
l1p 95 mm 94.30 mm 94 mm
Iy 95 mm 97.8 mm 98 mm

5.3. Simulation and Prototype Testing

Based on the numerical values of the mechanical parameters identified in Section 5.2,
a series of simulation is performed in order to verify that the static balancing of the
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mechanism is theoretically correct. The data in Tables 1, 5 and 6 are used to display the
evolution of the TPE, the GPE and the EPE of the entire position mechanism (considering the
mass of the orientation mechanism) for any configuration given by 61 and 6,. These energies
are displayed for the three different working modes: horizontal in Figure 11, vertical
upward in Figure 12 and vertical downward in Figure 13. All these graphics show that the
conservation of the total potential energy is confirmed for any mechanism configuration of
any working mode. Which proves the efficiency of the proposed mechanism concept for
the uniformization of static balancing.

B0
B0 7
40

aod o

Potential energies {J)

100

50
100 -100

theta2 (%)
thetal ()

Figure 11. Evolution of the position mechanism potential energies in horizontal working mode.

EFE
GPE
TPE

Potential energies (J)

100

thetal ()

Figure 12. Evolution of the position mechanism potential energies in vertical upward working mode.
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Figure 13. Evolution of the position mechanism potential energies in vertical downward working
mode.

The same simulations are performed on the orientation mechanism. The data provided
in Tables 2—4 are used to the study the evolution of the total potential energy of each SDM
linkage. The evolution of the TPE, GPE and EPE for the linkage A, B, C and D are,
respectively, displayed in Figures 14 and 15. It is noted that the potential energies of
linkages C and D depend on two variables.

06 R TR e SARMREE preee e b RS .

Fatential energies (J)
Potential energies (J)

i
100 [ B R
thetad (%) thetaB (%)

(a) (b)

Figure 14. Evolution of the potential energies of the SDM linkage A (a) and linage B (b).
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Figure 15. Evolution of the potential energies of the SDM linkage C (a) and linkage D (b).

The CAD model of the entire mechanism was used to manufacture a 5-DoF SBM.
The prototype was mounted and tested by manipulating it in several configurations. The
position mechanism was tested with the spherical mechanism mounted at its end. It can
be seen in Figures 16 and 17 that it is able to hold itself while supporting the orientation
mechanism in any position.

Figure 16. Prototype of the SBM in several configurations in vertical upward mode.
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Figure 17. Prototype of the SBM in several configurations in horizontal mode.

The orientation mechanism has been also tested by displacing its end effector in several
orientations. It is shown in Figure 18 that the mechanism will conserve its orientation in
any configuration.

Figure 18. Prototype of the statically balanced SDM in several configuration for testing.
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5.4. Limitations and Potiential Persectives

A series of tests illustrated in the previous section has shown that the SBM can success-
fully maintain its balance in several working modes. A new device for medical purposes
based on the present concept has promising potential as it can adapt to a medical room
with different environment geometry. While using the manipulator, some observations
have been made. First, it is noted that according to the above study, the static balancing of
this manipulator does not consider the mass of an instrument it would carry in an opera-
tion. This can be done easily by adding the mass to the orientation mechanism. However,
such mass shall be fixed and the manipulator may not be able carry lighter or heavier
objects. The design of a new SBM that could reconfigure its spring attachment position
to comply with variable payload may be an interesting perspective. Another feedback
from the experiments is the necessity of operating two different adjustment linkages when
changing the mechanism working mode as shown in Figure 5. The design of a transmission
system that automatically operated all required devices by operating only one part of the
mechanism would be also an interesting design improvement.

6. Conclusions

In the present work, a statically balanced mechanism has been designed. Its kinemat-
ics provide a total of 5 DoF: 3 linear DoF and 2 angular DoF. Its mechanical architecture
decouples the linear position from the angular position. It is made of two different mecha-
nisms. One is a combination of two parallelogram linkages, which is a classical architecture
for statically balanced mechanisms. However, it is integrated with a specific mechanical
concept that ensures the static balancing in any working mode: horizontal, upward and
downward. Based on that concept, the potential energy conservation applied to this mech-
anism has been uniformized in order to identify the appropriate mechanical parameters.
This allows the entire mechanism to be adapted in three different orientations, which elimi-
nate the need for one manipulator for each situation. The orientation mechanism is made
of a spherical decoupled mechanism that orients the end effector around a fixed point. Its
static balancing is ensured by a mechanical concept that generates the appropriate spring
elongation with two different angles. A realistic CAD model has been made, which has
permitted the estimation of all mechanical parameters associated with the mechanism static
balancing conditions. Based on these data, a series of simulations have been performed
to demonstrate the theoretical results of the proposed mechanical concepts. A prototype
has been fabricated and has been successfully tested, and it can preserve its balance is all
positions and orientations and in all working modes.
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