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Abstract: This paper presents a planar cable-driven model of a simple mechanism that is able to
measure forces and displacements. Recently, a preliminary study based on a cable-driven sensitive
mechanism was presented to the research community, underlining the innovative characteristics of
the model in under-actuation and under-sensing. The core of the research work was to conceive
a compliant system able to measure forces and displacements from a point located in a different
zone with respect to the one where the force is applied, and this is possible thanks to cable-driven
systems. In this paper, a new simplified model with respect to our published work is presented,
reducing the number of cables and including the calculation of friction in the developed test bench.
The formulation to calculate the displacement of the point of the applied force and the formulation to
calculate the force are presented and validated with a simulation and by using a real test bench for
experimentation. A multi-body system is used for the simulation, and the results are compared and
discussed. Four cases are analysed to test the formulation, including the friction in pulleys and in the
joint connection between the mobile part and the fixed part of the mechanism. Future works will be
oriented toward reducing the dimensions of the conceived mechanism in order to implement the
model in minimally invasive robotic surgery instruments.

Keywords: cable mechanisms; cable-driven systems; force-torque sensors; force transduction;
micro-electro-mechanical systems; compliant mechanisms; sensitive mechanisms

1. Introduction

Micro-electro-mechanical systems (MEMSs) can be defined as devices and systems
produced by micro-machining other than integrated circuits or other conventional semicon-
ductor devices [1]. MEMS technology can be used for sensing elements and be included
in electronic components, such as in the work where a biomimetic MEMS-based tactile
sensor array with fingerprints is integrated into a robotic fingertip for artificial roughness
encoding [2]. However, if electronic components cannot be used in contact with extreme or
dangerous environmental conditions (i.e., high humidity, high/low temperature, radiation,
fluid interaction), MEMSs cannot be implemented directly.

Many solutions can be used to create isolation to the environment: by using imper-
meable covers to protect electronic components, such as in a robotic fingertip by using
silicones [2], or in underwater artificial skin by using oils and membranes [3]. Many MEMSs
are available on the market and in the literature, but no tactile or force-torque sensors or
transducers are included in clinical surgical operations. Recently, some researchers devel-
oped a MEMS-based piezoresistive sensor chip with an encapsulation cap with a top elastic
layer [4]. In this work, experimental demonstration involved palpation but also the integra-
tion of a sensing module onto the forceps [4]; however, experiments were only performed
in the laboratory and not in a clinical environment in which sterilisation processes must
be performed, which could be dangerous for electronic components. Moreover, a cover to
protect electronic components is not simple to create or implement for all environments,
such as in the case of surgical robotics [5].

Machines 2024, 12, 129. https:/ /doi.org/10.3390/machines12020129

https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines12020129
https://doi.org/10.3390/machines12020129
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-3248-5888
https://orcid.org/0000-0002-0711-8605
https://doi.org/10.3390/machines12020129
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines12020129?type=check_update&version=2

Machines 2024, 12, 129

2of 16

The reliability of MEMSs depends on many factors, and potential failure mechanisms
must be determined, such as mechanical fracture (i.e., overload, shock, corrosion), stiction,
charge accumulation, wear, etc. [6]. One inconvenience of MEMS technology used for
actuators is the transmission of small forces and small strokes, such as in electrostatic
actuators, which are suitable to create micropumps with fast response times and good
reliability [7]. However, the technology of hydraulically electrostatic actuators is suitable
for wearable haptics to reproduce the sense of touch [8].

In conclusion, MEMSs are used for micro-systems where small forces can be developed
using the technology base in major cases on flexure hinges [9,10], but miniaturised systems
able to transmit and measure high forces and protected by the external environmental
conditions are limited by the available technology. The forces transmitted from MEMSs are
small, and an alternative to encapsulating MEMSs could be to locate MEMSs in a protected
environment and study mechanisms able to transfer and measure interaction forces from
the protected zone to the danger zone by using under-actuation and under-sensing systems.
In [11], it is underlined how it is convenient to have under-actuation and under-sensing in
the same artificial system.

Cable-driven systems (and fluid-driven systems [12]) are the best solutions for these
scopes. However, new theoretical models must be developed to associate the actuation part
with the sensitive part. Cable-driven and tendon-driven systems are used in many different
contests and domains for under-actuation (i.e., surgical robotics [13], flight simulation of
aeroplanes [14], soft robotics [15], supports for rehabilitation [16,17], building construc-
tions [18], etc.), but their use on a miniaturised scale and in under-sensitive systems is
very limited [5,19]. Recently, redundant cable-driven parallel robots (CDPRs) have been
used not only for actuation but also for force distribution sensitivity [5,19-25], applied in
many domains such as rehabilitation [26], and defining cable tension sensitivity analysis
for macroscopic applications, such as maintaining a camera in suspension for a football
match [27]. Cable-driven systems are also used to achieve maximum workspace and
isotropic force exertion, such as shown in [28]. The preliminary study performed in [29]
underlines that the indirect force estimation method is a viable method of measuring the
forces of cables driven in minimally invasive robotic systems.

Today, cable-driven systems and MEMS technology are mainly used like two different
architectures: one is mainly used for actuation (cable-driven system) and the other one is
mainly used for sensing (MEMSs). The assembly of these two architectures in one general
system for under-sensing and under-actuation is difficult to obtain for many reasons; one
of these reasons is related to the different dimensions between the miniaturized cable-
driven systems and the microspopic MEMSs. Our work will help to define the next step
forward in this conceptual assembly that requests a more feasible and advanced technology.
In the meanwhile, in our work the cable-driven system is studied in order to include
under-sensing and under-actuation capabilities in the same cable-driven architecture.

In this paper, we present a planar cable-driven sensitive mechanism for force transduc-
tion. The system can be reconfigurable by modifying the position of the cables. The first
cable-driven sensitive mechanism was presented in [19], and the proposed mechanism
in this paper is simpler (with respect to the first one presented in [19]) because a new
constraint, conceived with a revolute joint, is included in the mechanism in order to reduce
degrees of freedom and to help in defining the mechanical behaviour of the whole system.

The work presented in [19] is based on a model of a cable-driven sensitive mechanism
with eight cables and the appropriate combination of the tension of the cables that allows
the determination of the external forces on the mechanism. The model presented in this
paper uses the same approach, but the cables are reduced from eight in the space (four in
the plane) to two in the plane in order to analyse the behaviour of a simpler system, which
is more useful to adapt and control in complex environments.

The paper is structured as follows: Section 2 presents the formulations used for the def-
inition of the model; Section 3 shows the multibody model conceived to validate the formu-
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lation; Section 4 presents the physical implementation in the developed test bench; Section 5
shows results and discussion. The paper ends with conclusions.

2. Analytical and Physical Modelling
2.1. Force Transduction and Displacement Determination

A planar scheme to conceive the model proposed in this paper is shown in Figure 1.
The mobile part (A) is free to rotate around point O, with respect to the frame (thanks to
a planar revolute joint). The equilibrium in the starting position (Figure 1 on the left) is
possible thanks to the balancing of tensions on cables (Tjg, and T}o,) connected to the frame
with two springs (k; and k;) and to the mobile part at two points. Four pulleys (p11, pi2, Pr1,
and py;) are used to modify the direction of cables.

Spring

Figure 1. Planar scheme used to conceive the model. Starting position (on the left) and mechanism in
motion with external applied load F (on the right).

If an external load (F) is applied to point P of part A, the equilibrium is perturbed,
and a new balancing configuration could be created, balancing the torque produced by F
with the torque produced by springs and transferred by cables. In Figure 1, on the right,
only one tension of cables (Tj;,) is shown because only pull (and not push) is admitted
in the mechanical behaviour of cables, and T;;, = 0. In order to standardise the model,
we imagine that the direction of the load F is always oriented from P to P,. The torque
MF, produced by the load F (applied to point P and shown in Figure 1), is obtained by the
following formulation:

Mg = F(I; +I3)(cos(ip1) cos(0) — sin(¢1) sin(6)) = F(ly + I3) cos(¢p1 + 0) (1)

If the system must be in equilibrium, the torque calculated with respect to point O
must be Mp = 0:

Mo = Mg — ATj1pDy(cos(agr) sin(@y — 0) + sin(agy) cos(¢pp —0)) —Mr =0 (2)

M, is the resistance torque, caused by frictions and other non-ideal conditions. In the ideal
system, Mg = 0. ATy, = Tjyp, — Tjop is obtained by the difference in the tension of cables in
the two balancing configurations. Substituting Equation (1) into Equation (2), the following
Equation (3) is obtained:
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Mo = F(ly +13) cos(y1 + 0) — ATy, Dy(cos(axy ) sin(¢y — ) + sin(ayq) cos(¢ — 0)) — Mg =0 3)

The load F applied to point P can be calculated with the following Equation (4). The
geometrical parameters shown in Figure 1 and in the presented equations (Dy, I1, I3, ¢x, Ry,
S pr Xk0s I, Dp, D) are known from the starting position. Tllp is the tension of the active
cable during the next balancing configuration, and it will be calculated with the assumption
that the cable is inextensible. ayq, 6, and ¢, will be determined in the following by using
the geometrical configuration shown in Figure 1.

P +ATy1, Dy (cos(ag ) sin(¢gy — 0) — sin(ayy ) cos(¢x — 0)) + Mg

=0 4
(I +13) cos(yy + 0) @)
It is easy to calculate ayy and wyq:
Dysin(¢y) — 5
= arctan ———————= 5
o = XA D cos(e) T b2 ©
Dy sin(g — 6) — 5
= t
Xy = arctan Dy cos(¢r —0) F o (6)
as can be noted, ay; is function of 6, such as 1, as shown in Equation (7):
Sy —(h+1 0
Y1 = arctan p— (h +15) cos(6) (7)

Rp —(h+13) sin(G)

In order to determine 6, some steps must be performed. Figure 2 (left) will help to find
6 by using the theorem of cosines.

>/

Figure 2. (Left): scheme used for the implementation of the theorem of cosines. (Right): scheme of
the pulley (dashed line) for the calculation of forces on a sliding cable (¢ is the friction coefficient
between cable and pulley). Each cable is considered inextensible because the motion of the mobile
part is possible thanks to the displacement of springs.

The following Equations (8)—(12) can be written
p? = 2D? — 2D? cos(6) (8)

pt = Ci + C5 —2C1Co cos (1) ©)
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p; = C§+ Cy — 2CyCop cos(61) (10)
(C1—Co)* = pi + p3 — 2p1p2 cos(6,) (11)
p5 = C3 + C2 —2C,C cos(6y) (12)
however, p; is also the diagonal of an isosceles trapezoid:
p1 = \/POPZ +(C1 — Co)? (13)

where Cy and C; are lengths of cable in two different configurations, respectively, in the
starting position (configuration j = 0) and in the new balancing configuration (configu-
ration j = 1). 0; and 6, are functions of 8, and they will be determined in the following
equations. Dy is also shown in Figure 1.

D
Co = |/ + 12 + (Dysin(g) ~ 222 (1
- Dg ., 2
C1 =1/ (Dxsin(¢x —0) — 7) + (I2 + Dy cos(¢ — 0)) (15)
assembling (8) with (9), 6; can be found as a function of 6:
p? = 2D2 —2D? cos(#) = CZ + C% — 2C;Cy cos(6) (16)

C? +C3 —2D%(1 — cos(0))

cos(6q) = 2C,C, (17)
Substituting (9) and (10) in (11), the following Equation (18) is obtained
(1 —cos(67))
6) = (C1+C 18
cos(02) = (G + °>\/2(c% + CZ —2C,Cy cos(6y)) (18)
substituting (17) in (18), Equation (19) is obtained as a function of 6
2D2(1 —cos(f)) — (C; — Cp)?
62) = (C1 +C k 19
cos(bp) = (C1 + 0)\/ 8C1CoD2(1 — cos(d)) (19)

By Equation (15), the correlation between the length of the cable (C;) and the angle of
revolution 6 of the mobile part can be found.

DZ
C?=D?+ TB — DyDgsin(¢y — 0) + 13 + 21, Dy cos (¢ — 0) (20)
2 2 Dz 2 2 2
[CT — Dy — TB — I3 + DyDgsin(¢y — 0)]” = [212 Dy cos(¢y — 0)] (21)

In order to simplify the equations, the following change in variables can be used:
Dj

. @-D2-DF B —a
i DyDp = b
i 212Dk =C
e sin(¢p—0)=0v
a% 4 b? sin? (¢ — 0) + 2absin(¢y — 0) = ¢ cos® (¢ — 6) (22)

(0% 4 c*)v* +2abv +a* — > =0 (23)
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The two solutions of the second order Equation (23) are shown in Equations (24) and
(25), and the correlation of 6 with the length of cable is shown in Equations (26) and (27).
In the base of the used geometrical starting configuration, Equation (26) can be used for
our model.

 —2ab+ \/4a?b% — 4(b? + 2) (a® — 2)

vi 2002+ &2) @4)
 —2ab — \/4a2b? — 4(b2 + %) (a2 — 2)

Z)ll - 2(b2 + CZ) (25)

0; = — arcsin(v;) + ¢ (26)

0 = — arcsin(v;;) + ¢ 27)

2.2. Cable Tension, Friction, and Physical Interaction with Pulleys

In our study, we assumed that the cables were non-extensible. Figure 1 shows a planar
sketch of cables and pulleys with physical interactions. Each cable is connected to a spring
with a stiffness coefficient (k; or k). The variation in the left cable’s length C;; — Cj (or
right C,; — Cy) is a function of the displacement d; (or d,) of the left spring k; (or right
spring k;).

ACj19 = ALyo = Lyt — Liio = Cin — Co; (28)

Cn = Cio + Lyt — Lyo- (29)

Ly0 and L,,;;; are obtained from the difference between the measured length of the
left spring in the starting position (0) (or in the new configuration (1)), and its initial length
(equal for both). The same type of equations are obtained for L, and L,,;;, where the
cable is connected with the spring of a coefficient stiffness k,. The ideal cable tension near
the spring k; in the two configurations (Ty;,, = k;L,,1 and Ty, = kjLy0) is obtained by the
following equations:

ATy = Tim — Tomm = kid)- (30)

The same approach is used to calculate the cable tensions near the spring k, in the two
configurations (T1,y = kyLyy1 and Tom = kyLiyo).

Figure 2 (right) shows the tensions of cables connected to the spring k; generating a
force ATy, = djk;, while the cables’ tension near the mobile part is named ATy;,. Each
cable is considered inextensible, and the motion of the mobile part is possible thanks to the
displacement of the springs: d; and d,.

Two different cases can be underlined:

*  Case 1: No friction is included between the pulley and the shaft of the pulley, but the
cable crawls on the pulley’s surface with a friction coefficient y (see Figure 2, right);

*  Case 2: No sliding between the pulley and the cable is included, but a friction coeffi-
cient A between the shaft and the pulley is used (see Figure 3).

If the cable crawls on pulleys, as shown in the case 1, in order to calculate the cable’s
tension on the mobile part, the scheme in Figure 2 (right) can be considered. In this case, y
is the friction coefficient between the cable and the pulley [19]:

(T +dT)cos(do/2) — T cos(do/2) —dFg = 0; (31)

dFo — (T 4 dT)sin(do/2) — Tsin(do/2) = 0; (32)
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with cos(do/2) = 1; sin(do/2) ~ do/2; dT = dFg; dFo — Tdo = 0; dFr = udFo; uTdo =
dT; T, = T1e#?. The following equation can be obtained:

Tiyp = Tet /25 00); (33)

Equation (33) can be used to calculate AT}, and to include it in Equation (4) if case 1
shown above is presented.

If only friction A is present between the pulley and its shaft, as shown in the case 2,
in order to calculate the cables’ tension on the mobile part, the scheme of Figure 3 can be
used. p;; and pj, are the radii of the circle of friction of the shafts of the two pulleys p;
and pp;.

\Pulleiy 4

Figure 3. Free body diagram of cables and pulleys. The motion of the cable on pulleys is without
sliding and the friction is included between the pulley and the shaft of the pulley (p is the radius of
the circle of friction). Each cable is considered inextensible, because the motion of the mobile part is
possible thanks to the displacement of springs.

prn = RanA; o2 = RypA (34)

where Ryj1 and Ry are the radii of the shaft and Ry and Ry, are the radii of the two pulleys
(p11 and pyp). Gravity is not considered in these calculations because we are in a plane parallel
to the ground. p is the radius of the circle of friction. From the analysis of Figure 3, the
following equations can be written

prn = OnHp sin(en); pp = OpHp sin(ep); (35)
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Ryy = O Hyy sin((7r — ag1)/2); Rppp = O Hpp sin(7t/4); (36)
merging Equations (34)—(36), the following Equations (37) and (38) are obtained:
i — 2

€1 = arcsin( Rsll/\SIH((n “kl) / ) ); (37)

Rpll

R i 4

en = arcsin(M); (38)

Rplz
ATppsin(—ep + (7 — axy)/2) = Ty sin(ep + (7 — 1) /2); (39)
ATy sin(ep + w/4) = Ty sin(—ep + 1/4); (40)

From Equations (39) and (40), the correlation between ATy, and ATy, can be found:

ATpy sin(epp + 7/4) sin(ey + (7 — 1) /2)
sin(—ep + 7t/4) sin(—ep + (0 — ag1)/2);

ATy, = (41)
Equation (41) can be used to calculate AT}y, and to include it in Equation (4), if case 2
shown above is presented.

2.3. Case 3: Friction in Revolute Joint and Plane

In order to be coherent with the real application, the friction in the revolute joint
and in contact with the plane must be considered. The following calculations allow us
to calculate the resultant resistant torque (Mpg) that creates an obstacle to the motion of
the mobile part. M is obtained by the contribution of friction in the revolute joint (Mg;)
and by the contact of the mobile part with the plane (Mgy), as shown in (42). In order to
calculate the contribution of friction in the revolute joint, the reaction forces in O must be
determined. From Figure 1, the X (Rpy) and Y (Rp,) components of the reaction force (Rp)
can be found imposing balance.

MR = Mg; + MRgp; (42)

Roy = Fsin(y1) — ATy, cos(agr); (43)
Roy = Fsin(y1) — ATjyp cos(ag ); (44)
Ro = \/ (RS, + R2,); (45)

Mg = rimRo; (46)

Mgy = pomgL; (47)

where 7; is the radius of the shaft of the revolute joint; y; is the friction coefficient in the
shaft; yy is the friction coefficient between the plane and the mobile part; m is the total mass
of the mobile part; g is the gravity; L is the distance between the point of contact of the
plane with the mobile part and point O in the XY plane.
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3. Multibody System Dynamic Simulation
3.1. Multibody Model

In order to implement the formulation presented in Section 2 and to simulate the
mechanical behaviour of the whole system, a multibody system dynamic simulation was
performed using MATLAB®, Simulink®, and Simscape™ Multibody™.

Figure 4 shows the designed multibody planar mechanism, which reproduces the
scheme shown in Figure 1. The load applied to point P by using a cable is measured by
the motion of the two little squares in the lower part. A spring is mounted in each of the
two little red squares (in the lower part of the Figure 4) with a constant stiffness value of
0.6786 N/mm. The tension of the cable is calculated by the product of the displacement
of the spring and its stiffness value. The dimensions included in Figure 1 are as follows:
Dg = 15.1mm; D4 = 193 mm; [, = 39.05 mm; [; = 13.7 mm; I3 = 76.3 mm; R, = 150 mmy;
Sp = 100 mm.

Applied force

Measurement for position and force

Figure 4. Multibody system dynamic simulation of the planar mechanism with the external applied
force F.

3.2. Results of Simulation

Figures 5 and 6 show the first results of the simulation, obtained by applying five different
external forces of 2N, 4N, 6 N, 8 N, and 10 N on point P. In the two figures (Figures 5 and 6),
the friction coefficient on pulleys is set to zero (4 = 0, A = 0). The measured and calculated
forces are shown in Figure 5, and the measured and calculated displacements of point P
are shown in Figure 6. The force calculated with Equation (4) is shown with continuous
lines for all applied forces in Figure 5. At the end of the simulation time, it seems that the
gap error between the measured and calculated force is less than 5% for a lower value of
the applied load (e.g., 2 N), and it increases to a maximum of 10% for a high value of the
applied load (e.g., 10 N). The analysis of Figure 5 allows us to underline the proportionality
between the velocity needed to arrive at the maximum value of the calculated force and the
value of the load. For a higher value of the load (e.g., 10 N), the simulation time required to
obtain the calculated value is less than the simulation time required to calculate a lower
value of the applied force (e.g., 2 N). For the same simulation time, it can be seen that the
displacement calculated with Equation (26) gives excellent results in the simulation, as can
be seen in Figure 6. In conclusion, the proposed formulations in the last section seem to be
a good solution to give a prevision on the forces and displacements at point P if an external
load is applied.
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o MF (Measured Force) vs CF (Calculated Force)

- — ‘MF2N
CF2N
gH= = "MFaN | - — L T o
CF4N
- — 'MF 6N
CF6N
6 M~ — ‘MFaN
CF 8N
MF 10N
CF 10N

Force (N)
I
I

_2 1 1 1 1 1 1 1 1 1 J
0 50 100 150 200 250 300 350 400 450 500

Simulation Time

Figure 5. Comparison of multibody simulation between measured force (MF, dashed line) and calcu-
lated force (CF, continuous line) on the force application point. The application of five loads (2 N, 4 N,
6N, 8 N, 10 N) was simulated. The friction coefficient on pulleys is set to 0 (4 = 0, A = 0).

60 MD (Measured Displacement) vs CD (Calculated Displacement)

= = +MD for 2N
CD for 2N
50 +|= = *MD for4N
CD for 4N
= = +MD for 6N
CD for 6N
" |= = ‘MDfor 8N
CD for 8N
MD for 10N
CD for 10N

£
[=]

Displacement (mm)
W
[=]

10

0 50 100 150 200 250 300 350 400 450 500
Simulation Time

Figure 6. Comparison of multibody simulation between measured displacement (MD, dashed line)
and calculated displacement (CD, continuous line) of the force application point. The application
of five loads (2N, 4 N, 6 N, 8 N, 10 N) was simulated. The friction coefficient on pulleys is set to 0
(#=0,A=0).

4. Physical Implementation
4.1. Scheme of the Planar Test Bench

Figure 7 shows a scheme of the planar test bench prototype used to test the force-
sensitive cable-driven mechanism. It is constituted of two parts: a fixed part and a mobile
part. The fixed part is connected to a fixed plane; the mobile part can be moved on the
fixed plane (by using two spherical joints positioned between the mobile part and the fixed
plane), and it can rotate around a revolute joint. Figure 7 shows the revolution of the mobile
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part as a dashed line. Two cables connect two links of the mobile part with the fixed part.
At the end of each cable, a spring is attached. In order to change the direction of the cables,
two pulleys (attached to the fixed part) are used for each cable. An external load is applied
to point P by using weights connected by a cable and a pulley. The equilibrium between
the force of the applied load on point P and the force on springs allows us to determine the
characteristics of the sensitive cable-driven mechanism for force transduction.

Revolute Joint =" -, PointP
‘ Fixed Part | ; ///
_.$ - = :::\:‘\ _\7@ E‘j//
~Pulley T
X éx\ Cable—-’r_,—; Pulley
T_;' “Spring . 1 /f

Fixed Plane

g PuHeys
Fixed Part ) IVIqbuIe Part \ /

| Point Pv

e

RevoluteJomt Spherlc:aIJonntQ/

Figure 7. Scheme of the planar test bench prototype used for the analysis of the cable-mechanism
force transducer. The mobile part can be moved on the fixed plane by using two spherical joints (in
contact with the fixed plane and the mobile part) and rotate around a revolute joint, as shown by the
dashed line.

4.2. Test Bench Prototype

Figure 8 shows the realised test bench prototype. In the top part of the figure, the
starting position is shown with all the details. The figure shows the motion with the
externally applied load and the direction of the cables’ tension. The general process used in
each experiment is as follows:

Connection of cables with the mobile part;

Connection of cables with the springs, passing around pulleys;
Calibration of the mechanism in the initial position 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.

NN

At the base of the first measurement of the length of the spring, as shown in point 4,
the force of the load on the spring can be calculated as the product of the stiffness constant
and the displacement between the initial length of the spring and the new length. This force
represents the tension of the cable in the initial configuration j = 0. The difference between
the measurements of the length of the spring in points 4 and 6 gives the displacement of the
spring between the two configurations j = 0 and j = 1 (the same approach has been used
in [19]). Thanks to this displacement, it is possible to calculate the A of the force between
the two configurations j = 0 and j = 1.

In the experiments, the following ten loads were applied to point P: 1.01 N, 2.02 N,
3.25N,4.26 N,527 N, 6.46 N, 7.48 N, 8.49 N, 9.85 N, and 10.94 N, and the weight of the
mobile part is set to 0.485 kg.
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Screw for
calibratior

£ =

Tensions on
springs

Figure 8. Planar test bench prototype used for the analysis of the cable force transducer: starting
position (top); motion of the mobile part with the applied force (down).

5. Results and Discussion

Figure 9 (on the left) shows twelve anchor points for cables on the mobile part, with a
symmetric position with respect to its axis of symmetry (six anchor points are shown on
the left and six anchor points are shown on the right, named, respectively, pa, pb, pc, pd, pe,
and pf, for left and right). The connection of the mobile part (in the starting position) with
two springs is also symmetric with respect to the fixed part, as shown in Figure 7.

Figure 9 (on the right) shows the influence of the variation in the cables” anchor points
on the cables’ force. If the two cables (left and right) are connected to the springs by using
the holes pf (Figure 9 on the left), the relative black dashed line in the graph of Figure 9
(on the right) will have a lower inclination with respect to the red dashed line obtained
if the cables” anchor points pa are used. This result is obtained because the mechanical
behaviour is different in the two cases. The torque produced by the external load (applied
to point P) must be balanced by the torque produced by the force on the cable, and if
the anchor point pf is used, a minimum force is necessary on the cable with respect to
the use of a pa-like anchor point because the two anchor points have different distances
with respect to the centre of revolution. It is possible to use this result in order to have
an adaptable range of calibration as the base of the preferred application for the sensitive
mechanism. In the graph on the right (Figure 9), the horizontal lines show that the mobile
part touches the fixed one and the measurement is not performed. The black continuous
line (Ref) is the reference for a hypothetical condition in which the load can be associated
with the calculated force on the cable. This sensitive mechanism is able to operate as a force
transducer in the range of 2-10 N.
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Figure 9. Influence of the anchor points of the cable on the force transduction. Left: sensitive mecha-
nism and six symmetric anchor points (pa, pb, pc, pd, pe, pf); right: comparison graph between the
applied load and the calculated force on springs. The black continuous line (Ref) is the reference for a
hypothetical condition in which the load can be associated with the calculated force on springs.

All displacements are calculated with respect to the starting position. In line with the
results shown in the graph in Figure 9 (on the right), the inclination of the lines shown in
the graph of Figure 9 is around the same for the four anchor points pc, pd, pe, and pf.

Figure 10 (right) shows the comparison between the measured and calculated X dis-
placements of the force applied to the point (point P) for the six symmetric anchor points.
The distance between the black continuous line and the dashed lines of the six anchor
points is reduced, underlining the excellent prevision of the mechanical behaviour of the
system. This graph validates the formulations presented in the last sections of this paper
and is in line with the results of the simulation shown in Figure 6, validating Equation (26).
Figure 10 (left) shows the comparison between the measured displacement of the spring and
the measured X displacement of the force application point, underlining how no correlations
are noted between point P and the motion of the springs and giving other positive outputs
to the formulations presented in this paper because only the presented formulation is able
to give the correlation between the spring displacement and motion of point P.

Figure 11 shows the comparison between the measured and calculated loads applied
to the force application point for the six symmetric anchor points. The force on point P
is calculated using Equation (4), and the resistance torque (M) is set equal to zero for
the ideal case (Mg = 0) and calculated including friction coefficients on the revolute joint
(11 = 0.75) and in the contact between the mobile part and the plane in the two contacts
with the two spherical joints (4, = 0.04). The coefficient of friction between the shaft of the
pulley and the pulley (A) is included in the calculation. The black continuous line (Ref) is
the reference for an ideal condition in which the load can be associated with the calculated
applied force. From the graphs in Figure 11, the distance between the black line (Ref) and
the dashed lines of the six anchor points represents to what extent the behaviour of the
system is near to the ideal one. The distance is caused by the unknown friction in the test
bench, which is not included in Formulation (4) when My, is forced to zero with Mg = 0.
A comparison between this graph and the graph of Figure 9 (on the right) suggests that
the force on the cable could be used as an alternative to calculate the force on the applied
point when the friction on the entire system is not simple to determine. Unfortunately, it is
not simple to calculate friction and other non-ideal forces; however, the simulation gives
us an idea of the validation of the formula of Equation (4), as shown in Figure 5. In the
simulation, only the anchor point pc was used.
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Figure 10. (Left): comparison between the measured X displacement of the force application point
(point P) and the displacement of the spring. (Right): comparison of measured and calculated X
displacement of the force application point for six symmetric anchor points (pa, pb, pc, pd, pe, pf).
The black continuous line (Ref) is the reference for the ideal condition.
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Figure 11. Comparison between measured and calculated external forces on the force application
point for six symmetric anchor points (pa, pb, pc, pd, pe, pf). Four cases are calculated modifying
the friction of the shaft of pulleys (A = 0 or A = 0.5) and the resultant resistant torque (Mg = 0 or
Mp # 0). The black continuous line (Ref) is the reference for the ideal condition.

In order to give an idea of the quality of the presented formulations in this paper,
the four graphs in Figure 11 show how the inclination of the calculated applied force is
around parallel to the reference continuous line if Mg # 0 and A = 0.51. This is a very good
result, validating not only Equations (4) and (26) but also other equations for the definition
of the friction in the mechanism. From the analysis of Figure 11, it can be noted how the
prevision of the friction reduces the gap between the calculated and measured applied force.
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6. Conclusions

In this paper, an analysis of a planar cable-driven sensitive mechanism used for force
transduction is presented. The external force applied to the mechanism is compared with
the calculated one by using the formulation presented in this paper, including the prevision
of friction. One of the results of this paper is that the variation in the inclination of the
cables seems to have an influence on the correlation between the applied and calculated
forces. This result opens up new challenges in the definition of new reconfigurable force
transducers. The multibody simulation presented in the paper validates the equations
and justifies the different behaviour of the real physical system, which includes friction
and non-ideal conditions. The formulations of the presented model are simulated, tested,
and validated in the paper. Future work will be oriented toward implementing the model
in miniaturised systems like minimally invasive robotic surgery instruments.
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