friried applied
e sciences

Article

Cable-Driven Mechanism Models for Sensitive and Actuated
Minimally Invasive Robotic Instruments

Giovanni Gerardo Muscolo *

check for
updates

Citation: Muscolo, G.G.; Fiorini, P.
Cable-Driven Mechanism Models for
Sensitive and Actuated Minimally
Invasive Robotic Instruments. Appl.
Sci. 2024, 14,2951. https://
doi.org/10.3390/app14072951

Academic Editor: Marco Troncossi

Received: 20 February 2024
Revised: 19 March 2024
Accepted: 29 March 2024
Published: 31 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Paolo Fiorini

Department of Engineering for Innovation Medicine, Section of Engineering and Physics, University of Verona,
Ca’ Vignal 2-Strada Le Grazie 15, 37134 Verona, Italy; paolo.fiorini@univr.it
* Correspondence: giovannigerardo.muscolo@univr.it

Abstract: Cable-driven mechanism models are, usually, included in actuated systems; however,
recently, their use for sensitive systems has been explored. In this paper, two cable-driven multi-
body mechanism models are compared, underlining advantages and constraints in using sensitive
cable-driven mechanisms for minimally invasive robotic instruments. The proposed approach could
be useful in bypassing sterilization problems for surgical robotic instruments because our system
allows for the separation of the robotic sterilizable part from the sensitive-actuated part of the surgical
instrument. The real implementation of the proposed mechanism models, presented partially in other
works, are validated in this paper, performing a simulation using a multi-body environment. Results
confirm the feasibility of the proposed sensitive-actuated approach, defining new bases for the next
challenges of the future.

Keywords: cable-driven systems; surgical robotics; compliant mechanisms; sensitive mechanisms;
minimally invasive surgical robotic tools; minimally invasive robotic instruments

1. Introduction

Classical surgery is performed by the surgeon’s team, opening the body of the patient,
in order to enter in the human body and to remove cancers or to perform other opera-
tions [1,2]. Classical surgery includes many limits for the health of patients, during and
after surgery [2]. Hemorrhages and bleeding occur more often in classical surgery than in
robotic surgery. One reason for this is because the patient’s body is opened. On the contrary,
in robot-assisted surgery, only a few small incisions on the patient’s body are performed to
insert the tools in the body. This approach of robotic surgery is called minimally invasive
robotic surgery [3-5]. An additional advantage of robot-assisted surgery is to reduce hand
tremor, which can be transferred from the surgeon’s hands to the patient’s body in classical
surgery.

Robotic surgery is carried out using two robotic structures that ensure the physical
separation of patients and surgeons (see Figure 1): a local (near the surgeon) and a remote
station (near the patient) [4]. The remote part consists of robotic arms with minimally
invasive robotic tools (or instruments) (MIRIs) (see Figure 2), controlled in teleoperation
by the local part. The MIRIs (in the remote part), enter into the patient’s body, and the
surgeon (in the local part) controls their motions with her/his hands. Normally, the local
station is equipped only with visual feedback for the surgeon. The tip of the MIRI can
be constituted by forceps used for cutting, or tools for suturing or grasping, actuated by
cable-driven systems [3,4]. Figure 2 shows the da Vinci Research Kit (dVRK), available at
the University of Verona (Italy). In the local station, the surgeon can interact using feet and
hands with the console of the surgical robot. The surgeon has a view of the internal body of
the patient because the endoscope (in the remote robot) is inside the patient’s body, and it
consists of a stereo camera. The remote instruments normally include two MIRIs. In dVRK,
the cables of the MIRIs are connected to forceps on the tip and to four pulleys on the base,
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as shown in Figure 2. The four pulleys of MIRIs are connected to four motors on the remote
robotic arm.
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Figure 1. Telerobotic Surgical System.
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Figure 2. Da Vinci Research Kit (dVRK) (courtesy of the University of Verona): Local Part and
Remote Part.

The da Vinci robotic arm is an example of a cable-driven actuated system. This type of
solution is useful when the robot end-effector must be very light. Motors are positioned
away from the instruments, and the cables produce the end-effectors’ motions. Many cable-
driven actuated solutions are available in the literature for bio-robotic arms [6], robotic
rehabilitation [7], building constructions [8], and many other applications [9-11].

Recently, a new cable-driven sensitive approach has been conceived, in which tension
on cables are used to measure forces on the mobile part connected to the fixed part by using
cables. Our past works, ref. [5] and ref. [12], focused on this new research direction [13-19].
Some recent work measures the tension on cables, in which the fixed part has bigger
dimensions than the mobile part [15,19]. Considering an application to MIRISs, our solution
has a different approach: the fixed part has a smaller diameter with respect to the diameter
of the MIRI and to the mobile part. In this paper, a comparison between our proposed
solutions with different macroscopic and miniaturized scales is presented.

One important problem in robotic surgery architectures is that tactile feedback is very
difficult to implement on MIRIs. In order to increase surgeons’ capabilities to carry out
surgical operations, tactile information must be transferred to surgeons’ hands [3-5]. Some
critical points preventing the use of tactile/haptic feedback in robot-assisted surgery are:

e The small dimension of MIRIs (the diameter of the tube, shown in Figure 2, is around
8 mm);

¢  The MIRI sterilization that limits the life of electronic components in the sensing
system (e.g., Micro-Electro-Mechanical Systems sensors [12], which could be included
in MIRIs to measure a tactile interaction with the tissues [4]);

e  Errors during the motion of forceps [3];

*  The communication delay between the motion of surgeons” hands and the motion of
MIRIs may limit perception and induce instability [3-5];

*  The small forces generated by sensors, especially when using MEMS sensors [12].
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A detailed analysis on the surgical robotic instruments state of the art (published
in [4]) underlined that surgeons with experience in robotic surgery are able to perform
different tasks, and force feedback (FF) and haptic feedback (HF) from robotic surgical
tools help novices to reduce forces on the human tissue, avoiding dangerous situations.
If economically and technically feasible, FF and HF from surgical instruments could help
experts and novices to increase the quality of surgical operations [20].

The dexterity of MIRIs is increased when adopting bending mechanisms, such as the
one proposed in [21]. The cable-driven mechanism is used to actuate the MIRI and the
bending mechanism, in the base of its design, and allows for the performance of predefined
movements modifying the workspace. The bending mechanism is positioned between the
end of the tube and the forceps, replacing the wrist of the dVRK MIRI. The same location
between the tube and the forceps is used to include the continuum wrist proposed in [22].

One important aspect to consider is the misalignment between the command given
by the local part and the motion performed by the MIRIL In [23], the misalignment is
evaluated, underlining that users were able to compensate for misalignment angles up to
approximately 20 degrees in both tool orientation and camera viewpoint misalignment.

Cable-driven systems are used in the design of minimally invasive robotic surgery.
The robotic arm of dVRK, shown in Figure 2, is an example of a robot designed with cable-
driven instruments, such as MIRIs shown in the same figure. Many examples like this are
available in the literature, such as in [24]. A very interesting surgical instrument is shown
in [25], in which CYCLOPS is presented: a robotic tool for endoscopic surgery based on the
concept of tendon-driven parallel robots. The cable-driven concept proposed in the paper
is in the same line of the one we published in [5], using cables to move a mobile part with
respect to the fixed part and with a direct force mapping principle involved, but applied
with different methods and design. Other solutions are tested to include force-torque
sensors in MIRIs, such as the one included in [26], in which fiber Bragg gratings (FBG)
are used. FBG have many advantages, such as immunity to electromagnetic interference,
light weight, etc.; however, severe cross sensitivities and high non-linearities are common
drawbacks, as underlined in [26].

New sensorized MIRIs must be studied and designed to reduce excessive tool-tissue
interaction forces, which often result in tissue damage, as underlined in a recent review
paper [27]. FBG [26,28], capacitive sensors [29,30], and strain-gauges [31] are only some
of the sensing elements available for MEMS and MIRISs, as shown in [4,32]. The sensitive
element can be positioned in the sterilized workspace, but in this case, the electronic
components of the sensor can be damaged by sterilization. Another approach is to position
the sensor outside the sterilized zone, such as the work proposed in [33]. However,
problems of communication, sensitivity, and errors are more evident in this case because the
zone of the interaction forces is not near the position where the sensor is located.

In this paper, we propose the design and control of new sensitive-actuated models
for MIRIs. Our objective is to give to the research community of surgical robotics new
types of MIRIs that are able to transfer and measure high forces, but also to bypass the
problems caused by sterilization. In our sensitive approach, the sterilized forceps, conceived
without electronic components, Micro-Electro-Mechanical-Systems (MEMS), or sensors,
inside it, will be in contact with the human body. The cable-driven system is used to
transfer the measure of the bending motion of the MIRI from the tip of the instrument to
its base. The measure of the bending motion in the base gives the measure of forces and
displacements in the tip of the MIRI. By using our sensitive approach, the MIRI can be
sterilized because it is not built with sensors and electronic components (such as PCBs,
MEMS, etc.), but the cable connection gives the information of the mechanical behavior of
the tip directly to the sensors’ base.

Recently, we published a paper in which we proposed and validated a mechanism
model and general formulations, using two test benches for experimentation [5]. Another
simplified mechanism model with a new formulation was validated in a virtual multi-body
model and tested in a planar test bench for experimentation [12].
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In this paper, we perform a critical analysis on our sensitive approach for MIRIs,
comparing two models (MM1 and MM2) presented in part in other works ([5]). The results
presented in [5] with the implementation of the proposed formula (MM2) in two real
test benches is also confirmed and validated in this paper, including a new multi-physics
simulation. A comparison of the two mechanism models (MM1 and MM2) gives a general
overview on the feasibility of the approach we propose in bypassing the problem of
sterilization in surgical robotics.

The paper is structured as follows: Section 2 shows formulations used for the defini-
tion of the mechanism models; Section 3 shows an overview of the physical implementation
of one mechanism model; Section 4 shows the design and control of multi-body models con-
ceived and simulated in this paper; Section 5 shows the results and discussion. The paper
ends with the conclusions.

2. Modeling of Sensitive Cable-Driven Mechanisms
2.1. Cable-Driven Sensitive Models

The basic idea of our invention is to design the sensitive mechanism composed of
two parts: the mobile part (A) and fixed part (B), shown in Figure 3. Part B is fixed to
part D of the MIRI, and part A is fixed to part C (connected to the forceps). In order to
simplify the discussion in this document, the general behavior of models is shown in a
plane, but applications and implementations have been performed in a plane and space,
as can be shown in [5].

The motion of part A with respect to part B is performed by using cables. Figure 4
shows the general scheme used for two different cable-driven mechanism models (MM1 left
and MM2 right), presented for the first time in [5]. In Figure 4, tensions on cables are shown
from Ty to Tgp. Anchor points of cables with the mobile part A are shown with red points.
In each model (MM1 or MM2), eight cables are used; however, the substantial difference
between the two mechanism models can be shown by analyzing Figure 4. The formulation
(conceived and presented in [5]) allows for the reconstruction of the motion of part A,
measuring and synchronizing the elongation and shortening of a spring at the end of each
cable. Thanks to the measure of the stiffness coefficient of each spring, it is also possible to
measure the external load applied on part A.

Forceps

Mobile
Part (A)

Fixed
Part (B)

Part D

Figure 3. Minimally invasive robotic instrument (MIRI) (left) and sketch of the planar section (right).
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Figure 4. Sketches of two different sensitive cable-driven mechanism models (left: MM1; right: MM2),
presented for the first time in [5]. Tensions on cables are shown from Ty to Tgp. Anchor points of
cables with mobile part A are shown in red.

Figure 5 shows the planar section of the two sensitive cable-driven mechanism models
(MM1 on left, MM2 on right), presented in [5]. The two models were conceived to measure
the forces and torques on part C connected to the forceps (by using cables) during the
interaction with the environment.

External’//’

External’//;

Load

Spring Spring

Figure 5. Planar section of sensitive cable-driven mechanism models (MM1 on left and MM2 on
right), introduced in [5]. CoMA and CoMB are the centers of mass, respectively, of mobile part A and
fixed part B.

Another simplified sensitive cable-driven mechanism model (MM3), with motion in
a plane, and validated algorithms to measure forces and displacements were presented
in [12]. Figure 6 shows a section of the planar model MM3. A revolute joint in O allows for
the performance of the motion of the planar system with 1 degree of freedom and for the
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measurement of external loads and displacements by using only two cables. More details
on this mechanism model can be shown in [12].

External/\‘
Load - 7]

Spring

0 ey
Figure 6. Section of the Planar Sensitive Cable-Driven Mechanism Model with 1 degree of freedom
and two cables, presented in [12] (MM3).

2.2. General Algorithms and Formulations

Figure 7 shows the general scheme used to determine three cable-driven mechanism
models presented in [5] (MM1 and MM2) and in [12] (MM3).

' Il

Figure 7. General scheme used to determine cable-driven mechanism models presented in [5] (MM1
and MM2) and [12] (MM3).
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Op — XAYaZ, is the reference system of mobile part A, and Op — XpYpZp is the
reference system of fixed part B, each one applied in its center of mass. Np; and Ny; are
anchor points of the cables, respectively, connected to part B and part A. pp; and p 4; are
position vectors. The vector of the cables is C;, and r; is the unit vector of the cables. p¢ is
the position vector of mobile platform A with respect to fixed platform B. pp and ppg are
position vectors of the general point P with respect to the reference systems of the fixed (B)
and mobile (A) parts.

The correlation among the length of cables (C;), the position vectors of anchor points
(ppi and p4;), and the position vector of mobile part A with respect to fixed part B (pg)
is shown by the following equations for eight cables, including the rotational matrix S to
transform the vectors calculated in mobile platform A with respect to fixed platform B:

Ci=+pgi—pc —Spasi=1,..8 1)

Z?:l T, = Z?:l T;r; are tensions on the cables applied to mobile platform A in N4;;
Z?:l (Spai A T;) are torques produced by tensions on the cables; mgg is gravity; Fp and
Mp are, respectively, the external forces and torques applied to point P shown in Figure 7:

Ty
I N Ig :l . _ l: mgg :| _ |: Fp :| (2)
Spar Aty ... Spag/tg ; (pc Amgg) (pp AFp) +Mp
8
QT = -U; - Up 3)

where Q is the force transformation matrix [34]; T is the vector of the cables’ tension; Ug is
the gravity vector [15]. The vector of external forces and torques, applied to point P (Up),
is calculated by the analysis of variation of the tension of cables AT = Ty — Ty; Ty is the
vector of the tension on the cables used as an offset in the starting balancing configuration,
and T is the vector of the tension on the cables in the new balancing configuration:

T
Up = [Fpx, Fpy, Fpz, Mpx, Mpy, Mpz] = Upy — QAT 4)

Upy is the vector of external forces and torques in the starting balancing configuration.

In our models, we used Upy = 0, and Equation (4) can be rewritten with the following
Equation (5). All details of the used formulations and models can be found in [5,12].

T

Up = [Fpx, Fpy, Fpz, Mpx, Mpy, Mpz| = —QAT 5)

2.3. Modeling of the Mechanism Model MM1

The general mechanical behavior of the three mechanism models (MM1, MM2, and
MMB) is described with the formulations presented above. The mechanism models MM1
and MM2 (shown in Figures 4 and 5) have been presented in [5]. Formulations for MM2
have been included and validated with experimental tests. Formulations for MM3 (shown
in Figure 6) have also been included and validated with virtual simulation and experimental
tests, as shown in [12]. On the contrary, model MM1 was not analyzed in detail in [5],
and formulations for MM1 will be included in the following equations. A comparison
between the two models MM1 and MM2 underlines the convenience for using one model
instead of the other one.

Figure 8 shows the sketch of model MM1 in a starting position (dashed lines in
Figure 8: points Cy, Ao, By, Dg) and in motion (continuous lines in Figure 8: points C;, Ay,
B1, D1). The mobile part is connected to the fixed part by using four cables, four springs,
and four pulleys. Each cable is connected with one spring, interacting with only one
pulley. The starting balancing configuration of the mobile part (dashed lines in Figure 8:
points Cy, Ag, By, Dg) can be perturbed by external resultant forces (F,) applied in point P,
generating the motion of the mobile part. The new balancing configuration (continuous
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lines in Figure 8: points C1, Ay, By, D1) and the external applied forces can be found,
respectively, with the geometrical analysis of the whole system, and with the analysis of
the equilibrium among F, and the tension on the cables (AT,, AT, AT;, AT;), obtained by
the following equations:

ATy = To1 — Ta0; ATy = Tya1 — Tp10; ATe = Tao1 — Ta0; ATy = Tpo1 — Tioo; (6)

I
I
I 1
I 1
: - -
i Spring L
G Y Tay : k., kg :
By 1
1 o
/ -
o 1
Pulley d s b,
a .‘/i/
Cable i Do
b21
Th,,
kc kd D:l

Figure 8. Mechanism model MM1: planar scheme with four cables, four pulleys, and four springs.
Mobile part in the starting position (dashed lines: points Cy, A, By, Dp) and new balancing configu-
ration (continuous lines: points C1, Ay, By, Dy).

The following parameters (shown in Figure 8 and in Equation (7)) will be used in the
next few equations:

*  Tayg, Thyg, Tagy, Thyg are tensions on four cables in the starting position of the mobile
part;

®  Tayy, Tbyy, Tayy, Thy are tensions on four cables in the new configuration of the mobile
part;

*  ajg, bio, 420, bo are lengths of the cables in the starting configuration from points Ay,
By, Co, Dy to each tangent of the pulleys centered in O,, Oy, O, Oy;

* 1y, by, ap1, bpy are lengths of the cables in the new configuration, calculated from the
points A1, By, C1, D1, respectively, to each tangent of the pulleys centered in Oy, Oy,
Oc, Oy;

*  Ris the radius of the pulleys;

e L3, Ly, L3, Ly, Ls, Lg are the dimensions of the whole system shown in Figure §;

*  ag, Ba, Oa, &y, B, Ob, K¢y Bes cr Xg, Bg, 04 are the angles shown in Figure §;

*  ky, ky, ke, kg are the equivalent stiffness coefficients of the springs and cables in the
series;
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* Ja, db, Ic, 6d are displacements of the springs from the starting position to the new
balancing configuration;

*  bag, 6by, bco, ddg are displacements of springs in the starting configuration for preloading;

*  my is the mass of the mobile part;

*  gisgravity.

Our assumptions are as follows:

1 All frictions between the cables and pulleys, and pulleys and the shafts of pulleys are

Zero,
Ba =Py =PBc=pi=0
k kspringkcuble

e kspring‘i‘kcuhle.

Assumption number 1 is appropriate for a virtual environment, like the one presented
in this paper.

In assumption number 2, the exact term of j is not known, and it is approximated to
zero. One contribution of creating S is given by the displacement of the cable (and spring),
and another contribution is created by the geometry of the whole system. In MM2 and
MMB3, B is not included because pulleys have a small diameter approximated to a point.

In assumption number 3, the equivalent coefficient stiffness (k.;) of the assembled

kspringkcable
kspring""kcable !
where kg,iyg is the coefficient stiffness of the spring, and k.. is the coefficient stiffness of
the cable.

In the base of premises presented above, we can write the following equations:

cable-spring system in the series is obtained by the following equation k.; =

an = ayp + oa; @)
bll = blO + ob; (8)
a1 = axy + 6c; )
by1 = by + 4d; (10)
2 2
a10 = \/ (OaAy” — R?) = bip = \/ (OpBy” — R?); (1)
2 2
a0 = \/ (0cCo~ — R?) = by = \/ (OqDy” — R?); (12)
ag = ,Ba — arctan(m) + arctan(@) (13)
R R
. by blO
ap = By + arctan(—-) — arctan(—-) (14)
R R
ae = Be — arctan(@) + arctan(@) (15)
R R
. b21 b20
ag = By + arctan(—=-) — arctan(—-) (16)
R R
o 2Ly
Oy =0p = arc’tan(L4 — L3)’ (17)
0o = 0y = arctan( 25— L1~ La) (18)
Ly—L3
AT, = kséa; ATy, = kyob; AT, = k.dc; ATy = kyéd; (19)
R R
Fox = —AT, sin(arctan(a—) + (g — (00 +ag))) + AT, cos(arctan(b—) + (ap — 0p))
11 1

(20)

R
—AT, cos(ae — 0c) — ATy sin(arctan(b—ﬂ) + (g + oy — g)),
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R T . R
F., = —AT, cos(arctan(a) + (E —(0a+ag))) + ATy sm(arctan(a) + (ap — 03))
(21)

R
—AT.sin(a; — 0;) + ATy cos(arctan(a) + (g +ay — g) —MAg;

Fo=\/FA +F3; 22)

By using Equation (6), tension on the cables can be found, and Equations (20)—(22)
permit the determination of external forces on point P.

2.4. Comparison Between MM1 and MM2 Models

Figure 9 on the left shows the planar scheme of model MM2. A preliminary comparison
between MM1 and MM2 (respectively, shown in the two Figures 8 and 9 on the left),
underlines that the formulations for model MM2 include an added advantage with respect
to the equations shown above (for MM1) because the boundary conditions in MM2 simplify
the entire calculation. In the new balancing configuration in the continuous lines, anchor
points of the cables with the mobile part for MM1 are four (A, By, C1, D7) but for MM2 are
reduced to two (Eq, Fy). This boundary condition helps to propose a more robust solution for
MM2 with respect to MM1, increasing the stability of the whole system. The formulation of
MM2 was discussed in detail in [5], starting from Equation (5) shown above. The projection
of cables in the starting position of model MM1 (Figure 9 on the right: orange dashed lines)
can cross at four points (W, Nj, V4, Hy) near the total center of rotation M,. This means that
the proposed geometrical configuration for MM1 requests more external interventions in
order to have equilibrium. On the contrary, the projection of cables in the starting position
of model MM2 (Figure 9 on the right: gray dashed lines) can cross only at two points (W5,
V2), not near the total center of rotation M,. This means that the proposed geometrical
configuration for MM2 requests minor external interventions with respect to MM1 in order
to have equilibrium. This observation, also noted in [5], is confirmed in this paper and in
the results of virtual simulations presented in the next few sections.

Figure 9. Left: planar scheme with four cables, four pulleys, and four springs for mechanism model
MM2. Mobile part in the starting position (dashed lines: points Cy, Ey, Ag, By, Fo, Do) and new
balancing configuration (continuous lines: points Cy, Ey, Ay, By, F;, D). Right: scheme for the
comparison between MM1 and MM2.

3. Physical Implementation of MM2

3.1. Test Benches for MM?2

Test benches for the implementation of the formulations for MM2 were conceived
with two fundamental parts: one external hollow cylinder (mobile part A) and one internal
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part (fixed part B). The external hollow cylinder is connected with the internal part by
using cables.

We conceived an innovative formula for eight cables, shown in [5], able to measure
(as an output) external loads (applied on the tip of the mobile part) and its position and
rotation, using as input the displacement of each spring connected to each cable. MM2 is
the model used for the conceived formulation.

Our final objective is to reduce the dimensions of the cable-driven sensitive mechanism
in order to include it in one part of the tube of the MIRI (near the forceps). In this case,
the external dimensions of the sensitive mechanisms must be not more than 8 mm. However,
in order to validate the formulation presented in [5], two test benches were developed (for
MM2) with bigger dimensions with respect to 8 mm. The formulation presented in [5]
is able to describe well the mechanical behavior of the two different test benches shown
in Figures 10 and 11, which used the same type of spring, with an external diameter of
9.4 mm, number of wraps 25, stiffness coefficient 0.6786 N/mm, initial length of spring
24.8 mm, and diameter of wire 1 mm. The diameter of the cable in nylon is 0.6 mm.

=

External Load

Figure 10. Test bench I for validation of the formulation presented in [5] (MM2) with the application
in the plane: scheme (left) and realized prototype in metal (right).

A

L

Figure 11. Test bench II for validation of the formulation presented in [5] (MM2) with the application

in the space: sketch of the axial section (left) and realized prototype with 3D printer (right).

3.2. Procedure for Experimentation

Part B of the test bench prototypes is fixed to the plane. Part A is connected to
part B using cables. Cables are attached to part A after passing through holes of part B
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(see Figure 11) or through pulleys (see Figure 10). An external load has been applied on
part A by adding different weights in point P. In each experiment, about the same process
was performed:

Connection of cables with the mobile part;

Connection of cables with springs, passing around the pulleys (or holes);
Calibration of the mechanism in the initial position by using screws;
Measurement of the length of springs;

Application of loads connected (by a cable) to point P;

Measurement of the new length of springs;

Measurement of the displacement of point P.

N O Ul LN =

External loads applied to the planar test bench I of Figure 10 are as follows: 6.46 N,
748 N, 8.49 N, 9.85 N, 10.94 N. The following resultant forces are applied in the test bench
IT of Figure 11: 3.25N,4.26 N, 5.27 N, 6.46 N, 7.48 N, 8.49 N, 9.57 N. A comparison between
the measured forces (MF) and calculated forces (CF) with the formulation presented in [5]
validated model MM2. In order to also validate the formulation of MM1 and MM2, we
performed virtual simulations presented in the following section.

4. Multibody Design and Control of MM1 and MM2
4.1. Design of Multi-Body Models

In this section, the cable-driven multi-body analysis and design optimization of test
benches for MIRIs are proposed. The multi-body simulation was performed by using
MATLAB®, Simulink®, and Simscape"™ Multibody .

In order to reduce the dimensions of our proposed sensitive systems, and to implement
it in MIRIs, we designed smaller systems. Figures 12 and 13, respectively, show multi-body
models of MM1 and MM2. In the planar system, mobile part A is connected to four motors
(attached to fixed part B) by using cables and pulleys.

Figure 14 shows multi-body model MM2 with the same dimensions implemented in
the planar test bench I used for experimentation in [5] and shown in Figure 10. Details
on the used equations can be found in [5]. The external applied force is found by using
Equation (5). All dimensions are shown in Figures 12, 13, and 14.

Point for the
applied force

Mobile
Part (A)

Pulley

Diameter of
Pulleys 1.2

Cable

Motor

Unit: mm

Figure 12. Multi-body model MM1 in a reduced scale.
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Point for the
applied force

Mobile
Part (A)

Pulley

Diameter of
Pulleys 1.2

Cable

Figure 13. Multi-body model MM2 in a reduced scale.

Point for the
applied force

Mobile

Part (A)

Pulley

Cable

Measurement
of position and
force

Unit: mm

Figure 14. Multi-body model MM2 implemented in the planar test bench I with big dimensions.

4.2. General Control Architectures for Each Model

Our proposed architectures for models MM1, MM2, and MM3 (shown in
Figures 15 and 16) are able to control and/or to measure the motion of part C, where
forceps are attached (see Figure 3), and the interaction forces on the forceps by using only
the measure of the revolution of motors (or the displacement of each spring at the end
of each cable). Figures 15 and 16 show the control blocks for the sensing and actuation
architectures applied to each model presented above and in our previous works [5,12].
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< AT, AT | Formulation| Fe Fo. | Calculated
. AT, AT, Forces 1VE Force (CF)
5, O k, @
6, &4
Calculated
Formulation | O Linear XY, Z Dec|~.
o » o VD Displacement
Displacement Displacement (CD)

Figure 15. Sensing control architecture for each model. d,, dy, ¢, &), are displacements of springs;
ka, ky, k¢, ky are equivalent stiffness coefficients, AT,, ATy, AT., AT, are tensions on cables; F, is the
calculated external force; 0 is the angular displacement of the mobile part with respect to the fixed
part; VF is the force amplification value and VD is the displacement amplification value.

Fem
Control Control Fee A<
(position) (force) +C)

r

Control (inv) |
(force) |

Figure 16. Actuation control architecture for each model. de is the error between measured (6y¢5) and
calculated (d.,;) displacement of the spring; T is the error between measured (T};es) and calculated
(T.q1) tensions on cables; k is the equivalent stiffness coefficient; Fe, is the calculated external force; F,,
is the measured external force; v;; and v, are input to have variable coefficients of stiffness. In this
work, the equivalent stiffness coefficient k is constant.

Figure 15 shows the sensitive control architecture. The displacements of springs (J,,
Oy, O¢, Op) (or the displacement of the revolution of motors, obtained by &, &y, d., dp) are
used to calculate the applied forces and motion on the mobile part. For model MM]1,
studied in the last section, Equation (22) allows for the calculation of the external forces
(Fec). ATa, ATy, AT, AT, are the tensions on cables and kg, ky, k¢, k; are the equivalent
stiffness coefficients of springs and cables. Calculated forces (CF) and displacements (CD)
are obtained, respectively, including two proportional values: force amplification value
(VF) and displacement amplification value (VD).

If the model is used like an actuated system, inputs to the system are the revolute
motions of motors (used instead of springs). A correct combination of the motion of motors
permits for the movement of part C, where forceps are attached (see Figure 3). On the
contrary, if the model is used like a sensitive system, the motion and forces applied on
part C, where forceps are attached (see Figure 3), can be evaluated by the combination of
motions and torques on motors.

Figure 16 shows the control architecture for the actuated system. Calculated tensions
on cables (T,,;) are used to evaluate the error between the measured one (T},;). This error
helps to reduce the gap between the measured and calculated external forces (F,; and Fe).
The error between the measured displacement (d,¢;) and the calculated one (J.,;) allows
for the reduction of the gap in the prevision of motion of the mobile part.
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5. Results and Discussion

Figure 17 shows the results of a simulation if a measured force (MF) of 1 N is applied
to the sphere of multi-body model MM1, shown in Figure 12. On the top left of Figure 17,
forces are calculated (CF) modifying the damping coefficient ¢ from 0.2 Nms/deg to
3 Nms/deg and using stiffness coefficient k = 0.0033 Nmm/deg for the four revolute joints.
In the multi-body environment the cable is assumed inextensible, and it is not included in
the calculation of the equivalent stiffness coefficient. On the top right of Figure 17, forces
are calculated (CF) with a fixed damping coefficient c = 1 Nms/deg and modifying the
stiffness coefficient k from 0.0033 Nmm/deg to 330 Nmm/deg for the four revolute joints.
In the center (down), the simulation of model MM1 is presented with six different measured
forceinputs: 1N,2N,3N,4 N, 5N, 6 N. Forces are calculated (CF) with damping coefficient
¢ = 1 Nms/deg and stiffness coefficient k = 0.0033 Nmm/deg and using the following
coefficients for displacement VD = 0.074 and force VF = 0.137. Results presented in
Figure 17 underline that the formulation conceived for MM1 requests high damping to
converge, and high forces cannot be managed correctly. These results confirm the analysis
performed in the last section and shown in Figure 9, in which the equilibrium of model
MM1 was noted as not stable for its geometrical characteristics with respect to model MM2.

Measured Force (MF) vs Calculated Force (CF) (¢=0.2:3) | gleasured Force (MF) vs Calculated Force (CF) (c=1)(k=0.0033:330)

= = :MF:1N

CF: k=0.0033
CF: k=0.033
CF: k=0.33
CF: k=33
CF: k=33
CF: k=330

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Simulation Time Simulation Time

Force (MF) vs Calculated Force (CF)

— — ‘MF:1N
CF: 1N
MF: 2N

CF:2N
— — ‘MF:3N

P | S PR CF:aN
MF: 4N

CFaN

- = “MF:5N

2 CF:5N
- = ‘MF:6N

CF: 6N

Force (N)

’ ° ? Simulaign Time “ * °

Figure 17. Simulation of model MM1 shown in Figure 12 with 1 N of measured force (MF). Left
(top): calculated force (CF) with damping coefficient c variable from 0.2 Nms/deg to 3 Nms/deg and
fixed stiffness coefficient k = 0.0033 Nmm/deg for the four revolute joints. Right (top): calculated
force (CF) with fixed damping coefficient c = 1 Nms/deg and variable stiffness coefficient k from
0.0033 Nmm/deg to 330 Nmm/deg for the four revolute joints. Center (down): simulation of model
MM1 with six different measured force inputs: 1 N, 2N, 3N, 4N, 5N, 6 N. Forces are calculated (CF)
with damping coefficient c = 1 Nms/deg and stiffness coefficient k = 0.0033 Nmm/deg. VD = 0.074;
VF =0.137.
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Figure 18 shows the virtual simulation of model MM2 (shown in Figure 13) with 1 N
of measured force (MF). In the top of the figure, forces are calculated (CF) with a variable
damping coefficient ¢ from 0.2 Nms/deg to 3 Nms/deg and a fixed stiffness coefficient
k = 0.0033 Nmm/deg for the four revolute joints. In the multi-body environment the cable
is assumed inextensible, and it is not included in the calculation of the equivalent stiffness
coefficient. In the lower part of the figure, forces are calculated (CF) with fixed damping
coefficient c = 1 Nms/deg and variable stiffness coefficient k from 0.0033 Nmm /deg to
330 Nmm/deg for the four revolute joints. The following coefficients for displacement and
force are used: VD = 0.5, VF = 0.83.

On the contrary to model MM1, model MM2 is stable and more efficient for use as
the next generation of MIRIs. This result was also noted and underlined in [5]. This is also
confirmed in Figure 19, in which six different measured force inputs are applied to MM2.
It can be seen that force and displacement errors are very low, underlining the very good
quality of model MM2. The quality of model MM?2 is also validated with the multi-body
model with bigger dimensions, shown in Figure 14, for test bench I, shown in Figure 10
and presented in [5]. Figure 20 confirms the very good quality of the formulation presented
in [5]. The five external loads applied to the mobile part in Figure 21 are the same applied
in the experimental tests for test bench I presented in [5].

Measured Force (MF) vs Calculated Force (CF) (¢=0.2:3) Force Error between MF and CF (c=0.2:3)

——————————————————— 12
0.8 1
06 08
Z g
= w
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5 e
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0 CE: 021 0.2
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-0.2 ]
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Simulation Time Simulation Time
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Figure 18. Simulation of model MM2 shown in Figure 13 with 1 N of measured force (MF). Top:
calculated force (CF) with damping coefficient ¢ variable from 0.2 Nms/deg to 3 Nms/deg and fixed
stiffness coefficient k = 0.0033 Nmm/deg for the four revolute joints. Left (top): measured (MF) and
calculated (CF) forces; right (top): force error between MF and CE. Down: calculated force (CF) with
fixed damping coefficient c = 1 Nms/deg and variable stiffness coefficient k from 0.0033 Nmm/deg
to 330 Nmm/deg for the four revolute joints. Left (down): measured (MF) and calculated (CF) forces;
right (down): force error between MF and CF. VD = 0.5; VF = 0.83.
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Figure 19. Simulation of model MM2 shown in Figure 13 with six different measured force inputs: 1 N,
2N,3N,4N,5N, 6 N. Forces are calculated (CF) with fixed damping coefficient c = 1 Nms/deg and
stiffness coefficient k = 0.0033 Nmm/deg. Left (top): measured (MF) and calculated (CF) forces; right
(top): error between measured and calculated forces. Left (down): measured (MD) and calculated
(CD) displacements; right (down): error between measured and calculated displacements. VD = 0.5;
VF = 0.83.
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Figure 20. Simulation of model MM2 implemented in test bench I shown in Figures 14 and 10 with
measured force input: 6.46 N. Top: calculated force (CF) with damping coefficient ¢ variable from
0.2 Nms/deg to 3 Nms/deg and stiffness coefficient k = 0.1416 Nmm/deg for the four revolute joints.
k is the stiffness of the motor joints, obtained by the same stiffness coefficient of the spring used in
test bench L'in [5] (kspying = 0.6786 N/mm) (k = (27'(keqR2) /360). Left (top): measured (MF) and
calculated (CF) forces; right (top): force error between MF and CF; left (down): measured (MD) and
calculated (CD) displacements; right (down): displacement error between MD and CD. VD = 0.25;
VF =109.
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In line with the results presented in [5] and confirmed with virtual simulations in
this paper, MM2 is confirmed to be a very good model to be used for implementation in
MIRIs. Figure 22 shows the new test benches designed and realized (with a 3D printer) in
different reduced scales for the next experimentation on model MM2. Pictures of realized
test benches are shown with reduced-scale prototypes with the diameter | of around 28 mm,
15 mm, and 7 mm.
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Figure 21. Simulation of the model MM2 implemented in test bench I shown in Figures 14 and 10 with
five measured force inputs: 6.46 N, 7.48 N, 8.49 N, 9.85 N, 10.94 N, as shown in [5]. Top: calculated
force (CF) with damping coefficient c = 1 Nms/deg and stiffness coefficient k = 0.1416 Nmm/deg for
the four revolute joints. k is the stiffness of the motor joints, obtained by the same stiffness coefficient
of the spring used in test bench I'in [5] (kspsing = 0.6786 N/mm) (k = (Zﬂkequ) /360). Left (top):
measured (MF) and calculated (CF) forces; right (top): force error between MF and CF; left (down):
measured (MD) and calculated (CD) displacements; right (down): displacement error between MD
and CD. VD = 0.25; VF = 1.9.

Holes

\

N
AULANLELUVUVELEUAAAARARAAUREAUVAAARARARRARRRRARRRNRNRY

PZZA

Figure 22. New test benches in different reduced scales, designed and realized with a 3D printer for
the next experimentation on model MM2. A is the mobile part and B is the fixed part. Left: sketch
of the section of test benches. Right (top): pictures of realized test benches, as shown in Figure 11,
with ] = 28 mm, ] = 15 mm, and | = 7 mm. Right (down): parts A and B for implementation on
MIRI, as shown in Figure 3.
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6. Conclusions

In this paper, we presented an evolution of our recent works on sensing cable-driven
mechanism models. Two mechanism models are compared by using a virtual multi-body
simulation. Results confirm the preliminary hypotheses performed on the two models.
One model is more appropriate for use in the construction of minimally invasive robotic
instruments because of its capability to maintain balance. Future works will be focused
on performing more tests at a reduced scale. Some prototypes are developed, and further
experiments on minimally invasive robotic instruments are planned for the next future.

Author Contributions: Conceptualization, G.G.M.; methodology, G.G.M.; software, G.G.M.; valida-
tion, G.G.M.; formal analysis, G.G.M.; investigation, G.G.M.; resources, G.G.M. and PF; data curation,
G.G.M,; writing—original draft preparation, G.G.M.; writing—review and editing, G.G.M. and P.F;
visualization, G.G.M. and P.F; supervision, G.G.M. and PF; project administration, G.G.M. and PF;
funding acquisition, PF. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the European Union Grants ERC-ADG N. 742671, ARS
(Autonomous Robotic Surgery) project. URL: https:/ /www.ars-project.eu, accessed on 19 February
2024.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

FBG Fiber Bragg Gratings
MEMS  Micro-Electro-Mechanical Systems

MIRI Minimally Invasive Robotic Instrument

dVRK  da Vinci Research Kit

FF Force Feedback

HF Haptic Feedback

MF Measured Force

CF Calculated Force

MD Measured Displacement

CD Calculated Displacement

VF Force Amplification Value

VD Displacement Amplification Value
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