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Abstract: The McKibben muscle types are pneumatic actuators known to be intrinsically safe for
their high power-to-weight ratio. For these reasons, they are suitable for robotic, biomechanical, and
medical applications. In these application fields and, above all, in collaborative robotics, where
safety must be ensured for human-robot interactions, the values of pressure, force, and length are
necessary and must be continuously monitored and controlled. Force and pressure transducers are
commercially available to be integrated into a McKibben muscle type. On the contrary, no
commercial-length transducers can be adopted. This work presents a novel McKibben muscle
prototype with an embedded capacitive-length transducer. The latter is a cylindrical capacitor made
of a telescopic system composed of two tubes: one of its ends is connected to the muscle. A change
in the length of the muscle causes a proportional change in the transducer capacitance. The paper
reports in detail on the working principle of McKibben’s muscle, its fabrication, characterization,
and validation of four prototype capacitive transducers. The results achieved from the experimental
activities demonstrate that it is possible to control the variations of the muscle length relative to its
elongation and compression for values less than 1 mm. This is the consequence of the ability to
measure the transducer capacitance with a typical statistical relative indetermination better than
0.25%, which is a figure of merit for the reliability and mechanical and electrical stability of the
proposed McKibben muscle prototype. Moreover, it has been demonstrated that the transducer
capacitance as a function of the muscle length is linear, with maximum deviations from linearity
equal to 2.44% and 5.22% during the muscle elongation and compression, respectively.

Keywords: pneumatic muscle actuator; capacitive length transducer; collaborative and soft robotics

1. Introduction

Pneumatic artificial muscles (PAMs) are actuators made of a deformable closed
elastic shell combined with external or internal reinforcements. Several types of PAMs are
reported in the literature [1]. However, regardless of the specific constructive typology of
PAMs, when the air is inflated/removed into/from the shell, its deformation is guided by
the reinforcement, generating a force to be externally applied [2—4].

The McKibben (MKM) PAM type is made of a hyper-elastic inner tube surrounded
by a braided gauze made of inextensible threads. Each thread is wrapped around the tube,
forming a helical shape. The gauze is fixed at the extremities of the tube by two rigid ends:
one is closed, and the other is equipped with a fitting for the air inlet/outlet. The inner
tube radially expands and axially shortens when pressurized due to the threads’
inextensibility [1]. This generates a pulling force: the internal pressure radially pushes the
inner surface of the tube against the gauze; the tension of the braided gauze balances the
internal pressure by acting on the curvature of the threads around the tube and on the
external load through the two tube ends. Such as for traditional pneumatic actuators,
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MKMs show a high power-to-weight ratio and perform a variable stiffness actuation [5].
In addition, MKMs show no rigid moving parts; thus, they are intrinsically safe due to the
constitutive law of the hyper-elastic material and the air. Moreover, their compliance
allows backslashes recovery in a mechanical assembly. These peculiarities make MKMs
and, more generally, soft actuators suitable for robotic, biomechanical, and medical
applications [6-12].

However, contacts between the tube, the gauze, and the overlying wires generate
friction. This aspect, in addition to the high deformation of the tube, the nonlinear
behavior of the compressed air, and the nonlinear constitutive law of the constitutive tube
material, makes nonlinear the pressure—force—length relationship. Moreover, MKMs
show hysteretic behavior due to the viscoelastic properties of the constitutive tube
material. For these reasons, several theoretical and numerical models were defined to
predict the MKM maximum shortening, the hysteresis phenomena, the dynamic behavior,
and the nonlinear mechanics between the tube and the gauze, as well as to optimize the
angle of the braided gauze and to establish the best methods for MKM design [13-20].

To employ MKMs for collaborative robotics, for which the highest levels of safety
and reliability must be ensured for the designed human-robot interactions [21], the
pressure, force, and length values must be continuously monitored and controlled. In this
sense, small and cost-effective sensors are commercially available to measure the MKM
internal pressure by using piezoresistive Si sensors amplified with high accuracy for
values up to 10 bar [22] and to measure force by using MEMS strain gauge load cells
amplified with high accuracy for values up to 1 kN [23]. On the contrary, commercially
available devices for length measurement are difficult to employ in embedded solutions.
Some papers available in the literature report on the use of precision rotary potentiometers
to measure the angular displacement of a pulley moved by a couple of MKMs in an
antagonistic configuration [24,25]. In this case, only the average length of the couple of
MKMs can be indirectly measured by the angular displacement and the diameter of the
pulley instead of the current length of each one of the two MKMs. Moreover, the elasticity
of the transmission belt joined at the end of the two MKMs and wrapped around the
pulley should be considered. Other solutions have adopted precision linear displacement
sensors mounted parallel to the MKM that allow the current length of the muscle to be
measured [26]. Still, the sensor dimensions are quite similar to those of the MKM, with the
consequent increase in the overall dimensions and weight of the developed device and a
reduction in the compliance of the overall system. In [27], a linear variable displacement
transducer (LVDT) has been proposed. This solution measures the current length of the
muscle with very high accuracy. Nevertheless, as in the previous case, the LVDT
dimensions are comparable with the MKM ones. As a final remark, all these solutions
require a fine mechanical design to avoid backlashes between the actuators and the
transducers and to ensure parallelism between the MKM and transducer axes.

Other reported MKM paradigms are based on developing embedded-length sensors
using different technologies to overcome the above-described critical aspects. The first set
of sensors measures the MKM length by detecting the tube diameter. In [28], a soft radial
sensor based on Galinstan materials is proposed; the sensor is externally placed around
the braided gauze, and the length of the muscle is measured by determining the associated
diameter variation. A similar solution is described in [29], where the radial sensor is made
of an electro-conductive flexible rubber. In [30], the MKM length is carried out by
measuring the tube’s outer diameter and using a magnetic sensor based on the Hall effect:
the intensity of the magnetic field changes according to the relative position between the
magnetic sensor and a thin magnetic sheet placed between the tube and the gauze. In [31],
a sensor made of two electric circuit boards with an optical sensor of four photo reflectors
is proposed. This sensor estimates the shortening of the muscle by measuring the changes
in its inner diameter. Other optical sensors [32] employ a light-emitting-diode (LED) and
a Si photodiode to measure the variations of the light intensity diffused back from a
silicone diaphragm that is proportional to the changes in the muscle length.



Machines 2022, 10, 1156

3 of 16

The second set of sensors is based on inductance measurements. An MKM was
realized by weaving it with conductive insulated wires that form a solenoid-like circuit
[33]. In this case, a simple linear function is found that associates the changes in muscle
length with those ones of the measured inductance. A similar solution was described in
[34], where the external gauze was modified to include an inductive coil surrounding the
muscle fibers: the length of the muscle is achieved by measuring the corresponding coil
inductance change.

The third set of sensors is based on resistance measurements. A fiber sensor made of
electro-conductive yarns wrapped around the MKM tube was used to measure the
distance between the two ends of the muscle [35]: the measurement of its length is related
to the value of the yarn-based sensor resistance. Simultaneous measurements of the
variations of both inductance and resistance are also reported in [36].

The last set of sensors is based on capacitance measurements. As proposed in [37], by
replacing two gauze threads with two conductive threads, the measured capacitance
between the latter allows for the muscle length to be determined. In [38], the MKM length
is evaluated by measuring the capacitance of a sensor made of thin, highly compliant
dielectric and conductive membranes wrapped around the inner tube of the muscle.

All the above-proposed architectures are suitable for MKM-embedded solutions and
provide high accuracy and resolution for muscle length measurements. However, the
major drawback is that the muscle length is not directly correlated to the distance between
its two ends since it is achieved by measuring variations of some of the MKM deformable
components (i.e., tube, braided gauze, silicon diaphragms). Moreover, in some solutions,
the gauze must avoid any external contact as well as any external electrical and/or
magnetic disturbances that could affect the muscle length measurement. Finally, some
solutions introduce complexities in the fabrication process of the MKMs (i.e., the molding
of the soft radial sensors and the assembly of the electrical wires inside the sensor; the
manufacturing method for realizing the external gauze or substituting some MKM
threads by conductive threads).

This paper describes the design, fabrication, and characterization of a prototype of
an MKM with an embedded capacitive transducer for the direct measurement of the
muscle length. Two plastic tubes of different diameters are arranged to form a low-friction
telescopic device. Each plastic tube contains a cylindrical metallic foil to realize a
cylindrical capacitor, the capacitance of which is a function of the overlapping of the two
tubes (i.e., the capacitance is a function of the distance between the external ends of the
telescopic device). The entire system is placed in the hollow of a hyper-elastic tube to
obtain the MKM. A variation in the length of the muscle causes the sliding of the inner
plastic tube with respect to the outer one of the telescopic devices with the consequent
change in its capacitance. Therefore, the length of the muscle, or equivalently the distance
between its ends, is directly measured with high accuracy. The MKM is equipped with a
novel designed end conceived for the capacitor assembly and the electric connection
between the capacitor and the external environment. The proposed solution guides the
deformation of the MKM and reduces any difficulty in its assembly, maintaining its
typical compliance.

The paper is organized as follows. The rationale and working principle of the
proposed MKM are described in Section 2; Section 3 details the fabrication and the
experimental characterization of three different transducers considering the advantages
and drawbacks of each one of these solutions; the mechanical design and the prototyping
of the MKM are described in Section 4; in Section 5 the experimental activity for the
validation of the embedded MKM is presented. Finally, conclusions and future
developments are discussed in Section 6.
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2. The Conceptual Idea

The working principle of a generic MKM is shown in Figure 1, where Lo and L are the
muscle undeformed and actual lengths, respectively; Doand D are the muscle undeformed
and actual inner diameters, respectively; th is the thickness of the tube; 6o and O are the
undeformed and actual angles between the muscle and the threads axes, respectively; P
is the muscle inner pressure; and F is the exerted force by the muscle. The grey and cyan-
colored areas indicate the inner volumes of the empty tube and the tube filled with com-
pressed air, respectively. The effective length of the muscle is exactly the distance between
its two ends.
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Figure 1. The working principle of the MKM detailing its significant geometrical and functional
parameters.

Due to the presence of the external threads, the inner pressure acts on the cylindrical
surface of the tube, causing a radial expansion and a shortening of the muscle. This be-
havior is counteracted by the force exerted by the pressure acting on the circular inner
surfaces of the two tube ends. However, this force can be neglected since the lateral surface
of the tube is much greater than the end one. During the deformation, the threads act like
a pantograph: the shortening of the muscle causes an increase in the angle 6.

Several analytical formulations have been proposed for modeling the pressure—
force—length relationship. According to the hypothesis of an infinite-length muscle, ne-
glecting board effects and friction between the gauze and the inner tube produces the
most significant relationship [14]:

AP (1) .
F== [Smgoj [3(1-£) cos” 6, -1] 1)
where ¢ = AL/ L, is the shortening parameter and AL=L,—L (see Figure 1). Thus, ¢
ranges from 0 to eémax=1. Typical values of emax are around 0.25. Equation (1) allows the
two main working modes of an MKM to be identified: (i) the isotonic mode for which the
shortening depends on the pressure value for a given external load; (ii) the isometric mode
for which the exerted force depends on the pressure value for a given shortening param-
eter. The characteristic curves for the three values of the external applied force F [18] are
reported in Panel (a) of Figure 2 for the isotonic working mode. For the isometric working
mode, Panel (b) of Figure 2 shows the value of the exerted force F as a function of the
pressure for three values of the given shortening constraint ¢. For a given force or short-
ening parameter, a particular area is observed between the curves obtained for rising and
falling values of the pressure. Thus, for both the two working modes, the plots of Figure
2 show a hysteretic behavior of both the effective muscle length and the exerted force due
to friction between the threads and the tube, between the threads themselves, as well as
to the non-elastic deformation behavior of the tube [1].
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Figure 2. Characteristic curves of the MKM operating modes. Panel (a) the isotonic working mode
for three different values of the exerted force F; Panel (b) the isometric working mode for three
different shortening constraints e.

Differing from those solutions whose muscle length is related to the deformation of
some of its components, in this study, the determination of the muscle length is based on
the direct measurements of the actual distance between the two MKM ends. The schematic
of the proposed MKM is reported in Figure 3. Referring to Panel (a) of Figure 3, two plastic
tubes are inserted one into the other in such a way that the internal diameter of the outer
tube is suitably larger than the external inner tube. Thus, the resulting device is a tele-
scopic low-friction system. Moreover, used commercially available plastic tubes contain
internally, but close to their internal surface, a metallic foil covering the whole tube’s cy-
lindrical surface. In this way, the telescopic system electrically behaves as a cylindrical
capacitor with air and plastic as its dielectric medium whose capacitance is a function of
the overlapping area that occurs between the inner and outer plastic tube (see the inset of
Panel (a) of Figure 3).

Ly

=

d

5]

Plastic tube

Metallic foil || Impedance |

Analyzer

(b)

Figure 3. Schematic of the proposed MKM. Panel (a): the muscle at rest with length Lo. Here, do
indicates the overlapping of the two cylindrical capacitor foils. In the inset, a magnification of the
cylindrical capacitor structure is visible; Panel (b) the muscle compressed for an actual length L < Lo
and d > do.

Then, the telescopic system is set in the hollow of a hyper-elastic tube of the MKM.
As shown in Panel (b) of Figure 3, if the muscle is pressurized, its total length decreases
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from Lo to L with a consequent increase at the overlapping region between the inner and
outer plastic tubes.

Therefore, the value of the capacitance measured by a conventional impedance ana-
lyzer varies directly as a function of the effective overlapping length d between the inner
and outer foils of the cylindrical capacitor that can be easily related to the actual muscle
length L. It has to be noted that the pressure inside the MKM is related to the muscle length
and its variation.

The volume of the entire muscle is filled with compressed air, and the related pres-
sure acts on the cylindrical lateral surface of the hyper-elastic tube. In the case of the MKM
of Panel (b) of Figure 3, the activation of the muscle is operated by the effective pressure
exerted on the volume of the cylindrical annulus between the outer plastic tube and the
hyper-elastic one. Moreover, the proposed MKM configuration could reduce the inner
surfaces of the ends where the pressure acts, with the resultant reduction in the force op-
posing the deformation.

3. Fabrication and Experimental Characterization of the Capacitive Transducers

The fabricated MKM prototypes are based on the four capacitive transducers shown
in Figure 4, Panels (a)—(c): three of them are cylindrical capacitors, and the fourth one is a
parallel-plate capacitor with the metallic foils positioned on the external surface ends of
the inner and outer plastic tubes. The dimensions of the tubes used for all the transducers
are reported in Table 1 and were chosen to fabricate MKMs with a total external diameter
equal to 30 mm, suitable for collaborative robotics applications [39]. All the prototypes
have been experimentally tested with the aim of comparing their properties. The charac-
teristic sizes of the developed capacitive transducers are the following;:

Jfem

B B

(d)
Figure 4. The prototypes of the capacitive transducers: Panel (a) the cylindrical capacitive transducer
CC1612; Panel (b) the cylindrical capacitive transducer CC2620 (the CC2016 transducer is similar,
differing only for the tube diameters); Panel (c) a detail of the multi-layer polyethylene tube; Panel
(d) the parallel-plane capacitive transducer PPC20.



Machines 2022, 10, 1156 7 of 16

Table 1. Dimensions in [mm] of the proposed capacitance transducers.

CC1612 CC2016 CC2620 PPC20
Outer tube

External diameter 16 20 26 28

Thickness 1 2 3 2
Length 200 175 205 500

Aluminum diameter / 18 24 /
Disk diameter / / / 31

Disk thickness / / / 2

Inner tube

External diameter 12 16 20 20
Thickness 1 2 2 1.5
Length 188 218 122 550

Aluminum diameter / 15 19 /
Disk diameter / / / 20

Disk thickness / / / 2

3.1. Capacitive Transducer Based on Cylindrical Capacitor Named CC1612

This transducer employs two commercial concentric aluminum tubes with external
diameters equal to 16 (outer tube) and 12 mm (inner tube), respectively. A tight-fitting
polylactic acid (PLA) bushing, realized by a rapid prototyping technology, is placed at
one end of the outer tube to guide the inner tube so as to ensure coaxial displacement. The
length of the bushing is equal to 53 mm. The lateral facing surfaces of the two tubes are
the capacitor foils, and the air is its dielectric, except for the volume occupied by the bush-
ing, where the dielectric is the PLA. A metallic screw fixes a shielded cable at one end of
each tube.

3.2. Capacitive Transducer Based on the Cylindrical Capacitors Named CC2016 and CC2620

These transducers employ two plastic multi-layer tubes usually used for flushing hot
water in heating systems. Each tube is composed of three layers: the inner and the outer
ones are made of polyethylene that embeds into an aluminum layer (see Panel (c) of Figure
4). The external layer of the inner tube was removed by mechanical turning to reduce the
frictional effects that might have affected the sliding of the inner tube within the outer
one. The external diameters of the outer and inner tubes of the capacitive transducer
CC2016 (CC2620) are equal to 20 mm (26 mm) and 16 mm (20 mm), respectively. The
aluminum layers of the two polyethylene are the capacitive foils (i.e., the capacitive plates)
of the fabricated cylindrical capacitor whose dielectric is air and polyethylene. A metallic
screw fixes a shielded cable at the external ends of both tubes.

3.3. Capacitive Transducer Based on the Parallel-Plate Capacitor Named PPC20

This transducer employs two concentric plastic tubes: the inner one is made of poly-
ethylene and slides into the other one made of polycarbonate. A set of eight plastic screws
was placed into the outer tube to maintain them coaxially, as shown in Panel (d) of Figure
4, highlighted within the blue ellipse. A copper disk was glued onto the external end of
each of the two tubes. The disks are the capacitor plates, and the air is its dielectric. A
shielded cable was welded at the center of each disk.

3.4. The experimental Characterization

Experimental activities have been carried out to determine the relationships of the
capacitance of the different transducers as a function of (i) the overlapping area for the
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cylindrical capacitors and (ii) the distance between the parallel plate for the plane capaci-
tor. For all the fabricated transducers, their capacitance is directly related to their length.
The impedance analyzer LCR Meter SR715 (Stanford Research Systems with a basic
accuracy of 0.2 %) was used for measuring the capacitance of each one of the fabricated
transducers. The output frequency of the analyzer was set equal to 10 kHz, taking 20 sam-
ples per second. It has been verified that the measured values of the transducer capaci-
tance do not change within the entire analyzer output frequency range from 100 Hz to 100
kHz. Two shielded cables connecting the foils of each capacitive prototype were con-
nected to the impedance analyzer inputs. To perform the measurements, the shielded ca-
bles and the outer tubes of the transducer were firmly fixed to the laboratory test table in
such a way as to allow for a continuous, coaxial, low-friction displacement of the inner
tube. A suitable reference metric system, based on graph paper, was adopted to measure
the inner tube’s current position (i.e., the displacement) with respect to the outer tube end.
In Panels (a), (b), and (c) of Figure 5, the measured values of the capacitance of the
three fabricated transducers are reported as a function of the overlapping length d be-
tween the inner and outer foils of the cylindrical capacitor, as before defined in Figure 3.
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Figure 5. Experimental characteristic curves of the developed capacitive transducers: Panel (a)
CC1612 transducer; Panel (b) CC2016 transducer; Panel (c¢) CC2620 transducer; Panel (d) PPC20
transducer.

In Panels (a), (b), and (c) of Figure 5, the measured values of the capacitance of the
three fabricated transducers are reported as a function of the overlapping length d be-
tween the inner and outer foils of the cylindrical capacitor, as before defined in Figure 3.
It must be noted that the values of the transducer capacitance have been achieved by
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subtracting the one corresponding to the initial value relative to the overlapping distance
do=15 mm. After subtracting this initial value, the overlapping distance d was varied from
0 up to 80 mm in steps of 1 mm. For the generic step j, the experimental data are the mean
value E,,- with the corresponding standard deviation s; were calculated, taking the 20
measured capacitance values repeating 10 times the complete cycle of the transducer elon-
gations followed by compressions from d = 0 to d = 80 mm and vice versa. Under these
experimental conditions and without considering the electrostatic effects at the capacitor
borders, the transducer capacitance is expected to follow the classical equation

=2 —_—c
2T R R, @
where ¢o is the vacuum permittivity, ¢rthe dielectric relative permittivity, and R1 and R
are the capacitor’s inner and outer foil radius, respectively. Thus, for fixed values of these
parameters, the transducer capacitance depends linearly on the capacitor foil overlapping
length d. The result for the CC1612 transducer in Panel (a) of Figure 5 shows that the linear
dependence is maintained up to d=50 mm. The typical standard deviation associated with
the measured capacitance is s(CC1612) = 0.6 pF. The dashed line is the linear fitting of the
experimental data achieved in the overlapping distance ranging from d =0 to d = 50 mm.
The deviation from linearity might depend on a non-perfect coaxial displacement and/or
variations in the diameter of the inner aluminum tube with respect to the outer one. In
this respect, from the experimental data, larger values of d are related to an increase in the
portion of the inner aluminum tube inside the outer one. Since, for 4 >40 mm, the observed
values of the capacitance are greater than those ones expected (see the dashed line), this
means that the ratio R2/R1 decreases. In this sense, it is easy to verify that a decrease of 1
% in this ratio leads to an increase of 3.5 % in capacitance. Considering only the capaci-
tance data following the linear fitting dashed line, the resulting sensitivity for the trans-
ducer is equal to S(CC1612) = 0.36 pF/mm corresponding to a resolution r(CC1612) =
5(CC1612)/S(CC1612) = 1.7 mm. Moreover, the value of the maximum deviation from lin-
earity

Cj, exp Cj, Sfit

C

E

lin

=100 max

0<d<40mm

®)

d=40, fit

is equal to Eiin(CC1612) =1.53 %. Panel (b) of Figure 5 reports the CC(2016) transducer
capacitance as a function of the overlapping length 4. In this case, there is only a very small
deviation from the linearity for values of 4 >60 mm. The typical standard deviation of the
data is s(CC2016) = 0.23 pF; the sensitivity is equal to S(CC2016) = 0.53 pF/mm, corre-
sponding to a resolution of #(CC2016) = 0.43 mm. The maximum deviation from linearity
is equal to Ein(CC2016) = 0.48 % for d ranging from 0 to 60 mm. Similarly, Panel (c) of
Figure 5 reports the CC(2620) transducer capacitance that follows a linear behavior in the
entire range of a variation in the overlapping length 4. In this case, the typical standard
deviation is s(CC2620) = 0.1 pF and the sensitivity S(CC2620) = 0.31 pF/mm, and the reso-
lution 7(CC2620) = 0.32 mm. The maximum deviation from linearity is equal to
Eiin(CC2620) = 0.58 % for d ranging from 0 to 80 mm. For comparison, Panel (d) of Figure
5 shows the variation in the capacitance for the plane—plate transducer PPC20. Now,
length d is effectively the distance between the capacitor plates located at the external ends
of the inner and outer plastic tube. As expected from electrostatic theory, the response is
nonlinear, and the maximum value of the capacitance is about 40 times lower than that
achieved by the cylindrical capacitance transducer previously described. The results ob-
tained for these latter suggest that the best option is to use the transducer made of the
polyethylene tubes (i.e., the CC2016 and CC2620) that allows for a more coaxial displace-
ment of the inner tube due to the greater value of their diameters with the further ad-
vantage of having a relative permittivity two times greater than that one of the vacuum.
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Furthermore, the achieved resolutions give the possibility of a sub-millimeter fine control
to the transducer displacement, and this opens the possibility for the fine control of the
elongation and compression of MKMs based on this kind of capacitive transducer. Finally,
the use of tubes industrially produced can avoid any deviation from the linear slope of
the measured transducer capacitance.

4. The Conceptual Idea
4.1. The Design of the MKM Based on the Cylindrical Capacitive Transducer

The main topic for the development of the proposed novel MKM was focused on the
design of the two ends to support the described transducer based on the cylindrical ca-
pacitor and to allow the passage of the shielded cables. Moreover, the two ends must en-
sure mechanical and pneumatic seals. Finally, electrical contact between the wires con-
necting the capacitor foils and the MKM ends must be avoided.

Referring to Figure 6, the left end (hereinafter called the simple end) is designed to
connect one tube of the transducer and ensure the mechanical and pneumatic seals; the
right end (hereinafter called the complex end), in addition, must provide for the air in-
let/outlet and the passage of the shielded cables. Common features of the two ends are a
fork for the connection to the external environment (1), the race (2) for the outer metallic
band (3) to ensure the mechanical and pneumatic seals, and a threaded (M18 and M14 for
the left and right end, respectively) segment (4). The complex end shows two sets of ducts.
The first set is made of three ducts (5.1, 5.2, and 5.3) for the inlet/outlet of the air. The
pneumatic fitting (6) completes this set. The second set is made of two ducts (7.1 and 7.2)
for the passage of the two cables and two threaded holes (7.3) for their mechanical and
pneumatic seals. Such seals, for each cable, are ensured by an O-ring (8) and an internally
drilled set screw (9): the cable passes through the set screw whose assembly provides for
pushing the O-ring that, in turn, closes the passage of air and applies the necessary contact
pressure around the external surface of the cable. Other components of the MKM are the
outer (10) and inner (11) tubes of the cylindrical capacitor, two sets of metallic screw-nut-
eyelet (12) to connect the cables (13) and (14) to the foils of the capacitor, the hyper-elastic
tube (15), and the braided gauze (16). The overall length of the muscle is equal to 380 m;
the length of the active part is equal to 285 mm, while the external diameter of the MKM
ends is equal to 36 mm.

C-C

Figure 6. Section views of the designed MKM and section isometric views of the complex end.
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4.2. The MKM Protoype

Both the simple and complex ends are made of filled Teflon to avoid electrical contact
between the cables and the complex end. The hyper-elastic inner tube of the MKM is the
segment of a commercially available air chamber of a 29” bike wheel. The braided gauze
is made of strands composed of 4 Polyamide 66 threads to form a double helix weaving
of 64 spirals. Moreover, two commercially available external metallic bands were adopted
together with the pneumatic fitting SMC KQ2H06-M5A, two set screws UNI EN 5925
M8x12, and two O-Rings NBR 1.78 x 2.9. All these employed components are reported in
Figure 7.

QY

Figure 7. Components of the proposed MKM: (1) hyper-elastic tube; (2) braided gauze; (3) couple of
metallic bands; (4) simple end; (5) complex end with the pneumatic fitting previously assembled;
(6) outer and (7) inner tubes of the cylindrical capacitor CC2016; shielded cables previously assem-
bled to the outer (8) and inner (9) tubes of the capacitor CC2016; (10) couple of O-Rings; (11) couple
of internally drilled set screws.

The assembly procedure proceeded by the following four steps. In the first step, the
inner tube of the cylindrical capacitor was inserted into the outer one, and the cable as-
sembled to the latter was wrapped around the two tubes according to a helical path.

As shown in Panel (a) of Figure 8, some forward and backward sliding tests were
carried out to check for the proper wrapping of the cable. During these tests, the friction
between the inner and outer tubes was verified to be negligible: the inner tube, in fact, slid
continuously with no sticking or motion resistance phenomena. In the second step, the
complex end was screwed into the inner tube of the cylindrical capacitor. Hence, cables
were inserted into the complex end until they exited in correspondence with the fork
shape. At this moment, the O-Rings were placed around the cable, and a set of screws
were used to fix the end and push the O-rings. Hence, the cables were pushed from the
capacitor side and then pulled until the configuration shown in Panel (b) of Figure 8 was
reached. In the third step, the cylindrical capacitor was inserted into the hyper-elastic tube,
and the resulting assembly was included in the braided gauze. These two actions are
shown in Panel (c) of Figure 8. Hence, the metallic band near the complex end was
mounted and adjusted to ensure the mechanical and pneumatic seals. In the last and
fourth step, the simple end was screwed into the outer tube of the cylindrical capacitor.
The capacitor was, thus, moved to reach the axial dimensions of the hyper-elastic tube
and the gauze. Finally, the last metallic band was mounted and adjusted, concluding the
assembly of the MKM, as shown in Panel (d) of Figure 8, where details of the simple and
complex ends are also shown.
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(d)

Figure 8. Steps for the assembly procedure of the proposed MKM: (a) assembly of the capacitive
transducer and wrapping of one shielded cable; (b) assembling of the capacitive transducer and the
cables to the complex end; (c) assembling of the hyper-elastic tube and the braided gauze; (d) the
assembled prototype of the MKM and details of the two ends.

It must be noted that during each MKM mounting step, the measurements of the
transducer capacitance were performed to check for the system’s proper assembly. In do-
ing this, no problem was recorded since the achieved characteristic curve of the capacitor
transducer CC2016 remained unchanged (see Panel (b) of Figure 5).

5. Experimental Characterization of the MKM

A complete experimental characterization was carried out to validate the functional-
ity of the assembled MKM. As shown in Panel (a) of Figure 9, the portal structure testbed
(1) was used. It is made of commercial 30x30 mm aluminum profiles. A hinge fixes the
simple end of the MKM (2) on the upper crossbeam of the testbed. A second hinge fastens
the complex end to the slider of an industrial cable linear position transducer (Celesco
DV301-0020-111-1110) (3) fixed on the lower crossbeam of the testbed. Particular attention
was paid to ensuring coaxiality between the MKM and the capacitive transducer.

0.00 bar 0.15bar 0.30 bar 0.40 bar 0.58 bar

(b)

Figure 9. Experimental validation of the proposed MKM: (a) the employed testbed; (b) Photographs
of the MKM configurations for five different internal pressure values.
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The shielded cables exiting the MKM were connected to the LCR Meter SR715 (4).
Air was sent into the MKM by a pneumatic line composed of a fine pressure regulator
(SMC IR-1000) (5) and a manometer (Nuova Fima DN-100, f.s. 1 bar, resolution 0.02 bar)
(6). A pressure transducer (7) (Honeywell ABPMANNO04BGAADS, f.s. 4.0 bar, resolution
0.03 % f.s.) was also used to measure the MKM pressure. Two voltage power supplies, (8)
and (9), were adopted for the linear position and the pressure transducers, respectively.
Two digital voltmeters were employed for measuring the linear position output voltage
(10) and the pressure transducers (11).

Starting from the 0.00 bar, the pressure was first increased to 0.58 bar in steps of about
0.02 bar and after decreased from 0.58 bar to 0.00 bar. Photographs of the MKM configu-
rations under quasi-static conditions for five values of the internal pressure are reported
in Panel (b) of Figure 9.

For each pressure step, the values of the MKM shortening length, the pressure, and the
capacitance were measured by the linear position transducer, the pressure transducer, and
the LCR meter, respectively. Measurements using the pressure transducer were effective
since low-pressure changes occurred with respect to the pressure values imposed by the
manometer. The maximum MKM shortening length was equal to 47.8 mm (about 16.8% of
Lo) at 0.58 bar. After subtracting the value of the capacitance measured for the MKM unde-
formed condition, the transducer capacitance was found to range from 0 to 22.5 pF.

Panel (a) of Figure 10 reports the response of the proposed MKM to an increase and
decrease in the internal pressure showing the typical hysteretic behavior. This behavior has
been achieved by measuring the linear position of the MKM (blue curves) and the value of
the transducer capacitance (red curves) as a function of the variation in the MKM pressure.
Moreover, continuous lines refer to the increase in pressure, while dotted lines refer to the
consequent pressure decrease. Note that the shapes of the red and blue curves of both two
parameters are quite similar. Moreover, the continuity and the regularity of the curves of
Figure 10 suggest that the low friction between the inner and outer tubes of the cylindrical
capacitor did not affect the muscle performance and the pressure measurement. From the
experimental data of Panel (a) of Figure 10, it is possible to directly relate the transducer
capacitance as a function of the MKM shortening length. Since both these two parameters
depend on the MKM pressure, a linear correlation is expected. This is demonstrated by ob-
serving the results reported in Panel (b) of Figure 10. The least-squares analysis confirms the
linear correlation with R? values equal to 0.9993 and 0.9988 for the rising and falling experi-
mental conditions, respectively. Furthermore, it confirmed the value of the gradients is 0.468
pF/mm and 0.463 pF/mm for the rising and falling experimental conditions, respectively.
Finally, the maximum deviations from linearity were found to be 2.44% and 5.22% for the
rising and falling experimental conditions, respectively.
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Figure 10. Experimental characterization of the proposed MKM. Panel (a): MKM shortening length
and transducer capacitance as a function of the pressure; Panel (b): Correlation between the trans-
ducer capacitance and the MKM shortening length with the results of the linear fitting procedure.
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These results demonstrate the feasibility, efficacy, and reliability of the proposed
MKM employing a transducer based on a cylindrical capacitor. If we recall the experimen-
tally measured resolutions (see Section 3), it is possible to conclude that the proposed
MKM can be externally controlled for variations of its length less than 1 mm, which is
probably too precise for an MKM due to its viscoelastic behavior.

6. Conclusions

The paper reported on a novel design of a McKibben pneumatic muscle with an em-
bedded capacitive transducer for the continuous measurement of its length. The capaci-
tive transducer is made of two telescopic cylindrical tubes with aluminum-facing surfaces
acting as capacitor plates. The determination of the muscle length and its variations is
directly provided by measuring the corresponding changes in the transducer capacitance:
that is, a linear function of the capacitor plate overlapping area. Unlike the solutions pro-
posed in the literature, the presented capacitive transducer allowed us to directly measure
the current length of the muscle, equal to the distance between its ends. A series of exper-
imental tests for three cylindrical capacitive transducers were carried out to find the opti-
mal solution in terms of the achievable sensitivity and length resolution. These parameters
are of paramount importance for many industrial and biomedical applications and, in
particular, in the field of collaborative robotics. In this sense, the reported and discussed
results of the experimental activities demonstrate that the proposed capacitive transducer
can control variations in the muscle length relative to its elongation and compression for
values less than 1 mm. This is the consequence of the ability to measure the transducer
capacitance with a typical statistical relative indetermination better than 0.25 %. Moreo-
ver, it has been proved that the linear relationship between the actual transducer capaci-
tance and muscle length, with maximum deviations from the linearity, is equal to 2.44%
and 5.22% for the muscle elongation and compression working activities, respectively.

In conclusion, the proposed prototype shows the following advantages: it is cheap;
all components are market available; the assembly is easy to carry out. Other solutions
often require sophisticated fabrication processes and dedicated setups, which can cause
production to be laborious and costly. Finally, this solution can be applied to different
classes of pneumatic muscles and optimized according to their dimensions.

The next step of the presented research activity will be the design of a mechatronic
MKM equipped with a length and a pressure sensor that can generate the input electrical
signals of a front-end electronic circuit mounted on a PCB to be integrated into one of the
muscle ends. The electronic circuit will be a capacitance-to-voltage converter allowing
dedicated microcontroller units to return in real time the actual muscle length.
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