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Deformation model and experimental 
evaluation of a contractable and bendable 
wire‑pulling mechanism with embedded soft 
tubes for a robotic tongue
Nobutsuna Endo* 

Abstract 

Few physical models of oral and laryngeal systems for human speech movement exist for computer or mechani-
cal simulators. In particular, a robot tongue mechanism that fully reproduces the deformation motion of the human 
tongue is lacking. The human tongue is an aggregate of muscles that is devoid of a skeleton. It possesses only a small 
hyoid. A mechanism that can drive and control the deformation of a soft body, such as the human tongue, along mul-
tiple degrees of freedom has not been realized to date. To solve this problem, a wire-pulling mechanism with embed-
ded soft tubes is proposed. Using this mechanism, a flexible tongue that can be deformed along multiple degrees 
of freedom without breaking the wire is achieved. A prototype planar mechanism with two degrees of freedom that 
is capable of contraction and bending was fabricated. A deformation model that assumes a piecewise constant curva-
ture (PCC) was formulated. Deformation tests confirmed that the prototype is capable of contraction and bending 
movements that are consistent with those of the model. Variations in the error with respect to the hardness of the 
deformable part are discussed, and the limits of the deformation model based on the PCC assumption are presented.
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Introduction
Motor functions in the human oral and laryngeal systems 
include speech, mastication, swallowing, and sucking. 
Analyzing the movements of the oral (pharynx, upper 
jaw, palate, tongue, lower jaw, teeth, and lips) and laryn-
geal (around the vocal folds and the epiglottis) systems 
is more complicated than analyzing the motion of the 
limbs, trunk, and head. One reason is that most of the 
organs of the oral system are inside the body; hence, it 
is impossible to observe these areas visually. Although 
MRI and X-ray are available, these methods image struc-
tures in a stationary state or can measure changes in 
position and orientation at short intervals. They cannot 

measure the forces applied to the organs or movements 
over extended periods. Some approaches can be repro-
duced by computer simulation, but because the mechani-
cal properties of each organ are nonlinear, constructing 
an appropriate comprehensive simulation model has not 
been successful to date.

An alternative approach for reproducing a physi-
cal model of oral and laryngeal systems is to use robots, 
such as Waseda Talker (WT) [1, 2], vocal [3], or mastica-
tion [4] robots. The WT series is limited to reproducing 
speech functions that are used to utter vowels and some 
consonants by vibrating the vocal cords and deforming 
the shape of the vocal tract in the oral cavity. However, 
the WT model is currently the best reproduction of the 
human oral and laryngeal systems.

The WT tongue mechanism is based on static MRI 
measurements of the tongue while individuals uttered 
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the five vowels in Japanese. The WT uses a slider-crank 
drive mechanism and a skin made of a soft material to 
cover the tongue surface [2]. Therefore, it is not suit-
able for reproducing tongue shapes and movements 
with large curvatures, which occur when consonants are 
uttered. The human tongue is an aggregate of muscles 
that is devoid of a skeleton but has a small hyoid bone. 
The human tongue is capable of complex and flexible 
elongation, contraction, and curvature, during which 
some tongue muscles contract and others elongate.

Many rod-shaped bending mechanisms, such as those 
used for catheters, have been proposed for use in con-
tinuum robots [5–7]. These robots are equipped with 
a backbone, allowing them to bend, but they cannot 
extend, contract, and bend at the same time and can-
not perform a tongue movement mechanism. Robotic 
tongue mechanisms that do not have rigid links inside 
the tongue include BERO [8], a soft robotic tongue by 
Lu et  al. [9], ZETS [10], and Anton [11]. In BERO [8], 
the soft robotic tongue by Lu et  al. [9], and ZETS [10], 
the tongue structure consists of a pneumatic actuator. 
The intrinsic muscle of the human tongue is an actua-
tor, so these robotic tongue mechanisms more closely 
simulate the structure of the human tongue. In Anton 
[11], the actuator is placed outside of the tongue, and the 
tongue structure consists of a motion converter, which 
is an advantage for reproducing fast tongue movements. 
Another advantage is that the Anton mechanism is not 
limited by the size of the tongue. Anton employs a wire 
as a flexible motion transmission component that can be 
placed inside a soft body molded of silicone resin. Simply 
embedding the wire in the soft silicone resin will cause 
that the wire tears the resin. In Anton, attaching several 
beads to the wire prevents it from tearing the resin and 
converts the wire-pulling motion to a tongue deforma-
tion motion. However, Anton’s tongue has only one 
degree of freedom (DOF) because embedding multiple 
wires with beads during tongue molding is difficult. A 
wire-pulling mechanism that is used in an anthropomor-
phic soft hand developed by the author [12] embeds hard 
tubes in the soft silicone resin to prevent the wire from 
tearing the resin. Although this mechanism can produce 
a localized deformation like that of a knuckle, it cannot 
realize a spatially continuous deformation like that of a 
tongue.

I have proposed a wire-pulling mechanism with embed-
ded soft tubes (Fig. 1) as a method to incorporate wires 
into a soft body. This method produces a soft robotic 
tongue capable of deforming along multiple DOFs with-
out the wire tearing the tongue. In addition, because the 
soft tube can be fixed and embedded during molding, it is 
easier to manufacture than an Anton tongue. In a similar 
study, Lee et al. used a soft tube to pass a shape memory 

alloy wire through a soft body [13]. However, the Shore 
hardness of that soft body was greater than that of A40, 
which is harder than the soft body used in this study and 
has better tear resistance. Furthermore, the soft tubes 
were not used to reduce wear between the wire and the 
soft body, so the effect of the soft tubes on durability was 
not assessed.

The purpose of this study is to propose a contraction/
bending wire-pulling mechanism using soft tubes that 
are embedded in a soft body. A prototype is fabricated 
to evaluate the deformation produced by the mechanism 
experimentally. The prototype embodies a planar mecha-
nism with two degrees of freedom. The durability of the 
prototype and preliminary testing of the deformation 
produced has been reported [14]. In that study, the error 
between the modeled and experimental deformation was 
≤ 18%. It was not clear whether the difference between 
the predicted and actual behavior was due to modeling 
error or inappropriate implementation. In this study, the 
structure of the mechanism is improved as described 
in the next section. In addition, deformation tests were 
conducted using soft body formulations with various 
hardness values. The sections following are organized as 
follows: “Wire-pulling Mechanism with Embedded Soft 
Tubes,” “Deformation Modeling,” “Deformation Tests,” 
and “Conclusion.”

Wire‑pulling mechanism with embedded soft 
tubes
This section describes the construction of a soft mecha-
nism to realize a robotic tongue. The size of the mecha-
nism to vocalize is constrained by the speed of sound and 
is a scale-dependent problem because utterance is a phe-
nomenon related to sound waves. A tongue mechanism 
that mechanically reproduces the natural articulation 
motion of humans should be of similar size (approxi-
mately 70 × 45 × 60 mm). It is challenging to reproduce 

Fig. 1  Schematic diagram of the structure and motion of the planar 
mechanism with two degrees of freedom. The tension from the 
combination of two wire enables contraction and bending motions
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the contraction motion of each intrinsic muscle in the 
human tongue because the number of such muscles is 
large, considering the deformation motion that occurs 
in the sagittal plane is sufficient for motion that is lim-
ited to utterance. The WT robot with the best utterance 
performance at present uses seven degrees of freedom 
to control the mechanism. This design is based on MRI 
measurements of the human tongue shape during the 
utterance of the five Japanese vowels. A design methodol-
ogy that determines the sufficient number of actuators of 
a tongue mechanism for utterances of vowels and conso-
nants is yet to be established. This is because it is a com-
plex design problem that involves the range of motion, 
velocity, and force of the mechanism, and the viscoelas-
ticity of the soft body that occupies the space inside the 
robot tongue other than the mechanism. In this study, 
I propose a soft mechanism that can provide up to ten 
degrees of freedom within a soft body that is the same 
size as the human tongue.

Structure
In this paper, I propose a mechanism that embeds soft 
tubes that are harder than the matrix of the soft body, 
yet these tubes can elongate, contract, and bend flex-
ibly. Figure  1 illustrates the structure and motion of a 
planar mechanism with two degrees of freedom that can 
be contracted and bent. Varying the tensions of the two 
wires enables contraction and bending. Typically, the soft 
material that constitutes the central deformable part is 
damaged by the movement of the wires because it is eas-
ily torn. A soft tube that is fabricated with a harder but 
deformable material is placed between the matrix and the 
wire to suppress the wear. This soft tube will also experi-
ence wear from the movement of the wire, but it is more 
durable than the matrix.

The prototype shown in Fig. 2 was built to verify the 
feasibility of this concept. The soft body was manu-
factured with a silicone resin (Dragon Skin FX-Pro. 
Smooth-On, Inc.) with a silicone thinner. A silicone 
tube (Hardness: Shore A60. Outside diameter: 2 mm; 

inside diameter: 1 mm. MGJG-1× 2. Monotaro) was 
used as the soft tube. The outside diameter of the wire 
was 0.45 mm (EA628SS-0.4. ESCO Co., Ltd.). The base 
and cap were formed with polylactic acid (PLA) resin 
using a fused deposition modeling (FDM) 3D printer. 
The wires were pulled by position-controlled motors 
(RE35. Maxon Motor), harmonic drives (CSF-14-80-
2XH-F. Harmonic Drive Systems Inc.), and pulleys 
(diameter: 45 mm). The maximum tension of the pulley 
at the stop is 250 N and the back-drivability and back-
lash of the harmonic drive are sufficiently small. A pre-
vious study [14] employed a Bowden cable mechanism 
with polytetrafluoroethylene (PTFE) tubes between the 
base and the driving pulley. However, the backlash in 
the Bowden cable mechanism could not be ignored, so 
this mechanism was not used in this study. The Z-axis 
of the prototype was vertical. A plate was attached to 
the cap to prevent the cap from tilting in response to 
the gravitational bending of the deformable part.

The contraction and bending deformations are shown 
in Fig. 3. A contraction of 50% of the natural length and 
a cap angle of 90° have been achieved. At a plasticizer 
mixing ratio of 10 wt%, the tensile force required for 90° 
bending was about 15 N when the length of one wire was 
fixed at the initial length and the other wire was pulled. 
The deformable part was repeatedly bent by wire tension 
during durability tests, and the addition of a soft tube 
increased the number of cycles until the silicone resin 
was torn by the wire by > 10 times [14].

Manufacturing
The manufacturing procedure for the prototype is out-
lined below and illustrated in Fig. 4. 

(1)	 Insert a stainless-steel rod, having an outer diam-
eter of 1 mm and a length of 100 mm, into a silicone 
tube, having a length of 80 mm. Make two of these.

(2)	 Insert (1) into the holes in the base and cap.

Fig. 2  Prototype of the planar mechanism with two degrees of freedom
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(3)	 Attach molds to (2) and fasten with screws. Block 
the mold gap with masking tape.

(4)	 Pour a mixed silicone resin through the gate of the 
mold. Defoam with a vacuum defoamer if neces-
sary. Wait for the silicone resin to cure.

(5)	 Remove the sample from the molds when curing is 
complete. Apply baby powder to decrease the stick-
iness of the silicone resin surface and wipe the sur-
face with a wet tissue.

(6)	 Remove the stainless-steel rods.
(7)	 Enclose each wire with a wire sleeve that is clamp 

at one end, and pass the wire through each silicone 
tube.

(8)	 Attach markers and other accessories.

The wire path in the natural state was straightened by 
using a stainless steel-rod. It is possible to make the wire 
path curved in the natural state by using a bent stainless 
steel rod in step (1) if the wire can be passed through the 
silicone tube in step (7). Furthermore, a spatial mechanism 
can be constructed by arranging the wire paths in three 
dimensions.

Deformation modeling
A geometric deformation model, such as that of a rigid link 
mechanism, in which the position and orientation of the 
mechanism can be calculated from the displacement input 
to the mechanism, is useful in designing the application 
of the proposed mechanism to a robotic tongue. In addi-
tion, it will be easier to adopt a small and inexpensive servo 
motor as the drive system, and it can be expected that the 
control system of a vocal robot will be simplified. A defor-
mation model based on the piecewise constant curvature 
(PCC) assumption [15] is derived in this section. The defor-
mation model for the 50 ×  24 ×  20 mm deformable part 
(Fig. 2) is shown in Fig. 5. Let d be the distance between the 

wires, and let L be the length of the deformable part when 
the wire displacements are zero. Let the lengths of the two 
wires in the deformable part be l1 and l2 , and let the actua-
tor space be q = [l1 l2]

T . According to the PCC assump-
tion, the neutral arc line l, the wire l1 , and the wire l2 form 
arcs centered at point (0, ρ) . The following equation holds 
for the radius of curvature ρ using the cap angle θ:

Solving this yields a transformation from the actuator 
space to the configuration space c = [l θ ]T.

Likewise, the actuator space can be transformed from the 
configuration space by the following equation:

The transformation from the configuration space to the 
task space p = [x y]T is achieved as follows:

Because sin θ ≈ θ , cos θ ≈ 1− θ2

2
 when θ is very 

small, p = [x y]T is represented by the following 
approximation.

(1)
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Fig. 3  Contraction and bending deformations of the prototype. The plasticizer mixing ratio is 100 wt%. The wire lengths l1 and l2 were adjusted 
manually so that the cap would be at the target position and angle, not by Eq. (3)
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Deformation tests
I tested whether the prototype was deformed according 
to the model based on the PCC assumption. As noted 
in the “Wire-pulling Mechanism with Embedded Soft 
Tubes” section, a design method for determining the 
hardness of a soft body suitable for a robotic tongue, 
independent of the mechanical structure, has not been 
established. Therefore, I tested whether the prototype 
deforms according to the model when the hardness of 
the soft body is varied. The hardness of the silicone resin 
(Dragon Skin FX-Pro. Smooth-On, Inc.) can be adjusted 
by varying the amount of plasticizer (Silicone Thinner. 
Smooth- On, Inc.). The total weight W of the formulated 
silicone resin is the sum of the weights of the base resin 
WA (g), the curing agent WB (g), and the plasticizer WT 
(g): W = WA +WB +WT (g). The mixing ratio of the 
plasticizer rm (wt%) is defined by the following equation:

In the deformation tests described below, experiments 
were conducted with plasticizer mixing ratios of 10, 25, 
50, 75, and 100 wt%. The durometer hardness and elas-
tivity/compliance of the silicone resin at these plasticizer 
mixing ratios have been previously reported [16, 17].

Experimental setup
The experimental setup is shown in Fig. 6. The two wires 
of the prototype are pulled by the position-controlled 
motor and pulley. The deformation of the prototype was 
captured by a USB camera (C922 Pro Stream Webcam. 
Logicool). The camera was calibrated in advance, and 
the captured image was corrected for distortion. The cap 
position p = [x y]T and cap angle θ relative to the base 

(6)rm =
WT

WA +WB
× 100

Fig. 4  Manufacturing procedure
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were calculated from the measured marker positions of 
the base and cap. The measurement resolution of the 
marker position was 0.135 mm/px. The neutral arc length 
l of the deformable part when PCC is assumed was calcu-
lated by the following equation, which was derived from 
Eqs. (4) and (5):

Two types of deformation patterns were tested: (a) pull-
ing only l1 and (b) pulling both l1 and l2 . In deformation 
pattern (a), the length of one wire, l2 = L = 50 mm, is 
constant and the input is l1 such that the reference value 
of the cap angle θr is 0◦ , 30◦ , 60◦ , and 90◦ . In deformation 
pattern (b), the inputs are l1 and l2 such that the reference 
values of the neutral arc length and the cap angle (lr , θr) 
are 50 mm, 0 ◦ ; 40 mm, 15◦ ; 40 mm, 30◦ ; 30 mm, 30◦ ; and 
30 mm, 60◦ . The wires were moved at constant speeds 
to the set values of the wire lengths, stopped for 1 s, and 
then moved to the next set values. Images were taken 
at 0.5 s after stopping at each setpoint. For each defor-
mation pattern, pulling and return measurements were 
obtained three times.

Results
Images of deformation pattern (a), where l1 is pulled, are 
shown in Fig. 7, and the graphs of the trajectories in con-
figuration space c = [l θ ]T and task space p = [x y]T , 
the neutral arc length l, and cap angle θ are shown in 
Figs.  8, 9, 10. A linear trajectory in the configuration 
space and an arc-shaped trajectory in the task space 
are drawn in Fig. 8; these are similar to the deformation 
model. The neutral arc length l decreases proportionally 
with decreasing wire length l1 , as shown in Fig. 9, which 
is also similar to the deformation model. The error and 
relative error of the neutral arc length l tend to increase 
with decreasing wire length l1 when the plasticizer mix-
ing ratio is between 10 and 50 wt%. The cap angle θ 
also increases proportionally as wire length l1 decreases 
(Fig.  10), as in the deformation model. The error and 
relative error of the cap angle θ tend to increase as wire 
length l1 decreases.

The root mean square (RMS) of the errors and the rela-
tive errors are shown in Fig. 11 to evaluate the effect of 
the hardness of the deformable part. The error of the 
neutral arc length l during pulling decreases as the plas-
ticizer mixing ratio increases (Fig.  11a). However, the 
differences between the errors during pulling and return 
increase as the plasticizer mixing ratio increases. Conse-
quently, the error in return decreases until the plasticizer 

(7)l =

{

x (θ < 5◦)
x·θ
sin θ

(otherwise)

mixing ratio is 75 wt%, but increases at 100 wt%. The 
error of the cap angle θ was large only when the plasti-
cizer mixing ratio was 10 wt%; at other ratios, the error 
was almost constant (Fig. 11b). In addition, there was no 
difference between the errors during pulling and return.

Images of deformation pattern (b), where both l1 and l2 
are pulled, and the graphs of the trajectories in the con-
figuration space c = [l θ ]T and task space p = [x y]T , 
the neutral arc length l, and cap angle θ are shown in 
Figs. 12, 13, 14, 15. In the configuration space, l and θ ini-
tially decrease, then θ increases while l remains constant, 
then l decreases while θ remains constant, and finally θ 
increases while l remains constant (Fig. 13). This pattern 
is in agreement with the deformation model. The neu-
tral arc length l and cap angle θ decrease and increase, 
respectively, as the wire length l1 decreases (Figs. 14 and 
15), as in the deformation model. The error and relative 
error of the neutral arc length l exhibit an approximately 
linear increase as wire length l1 decreases (Fig. 14). The 
error and relative error of the cap angle θ tend to increase 
as wire length l1 decreases (Fig. 15).

The RMS values for the error and the relative error 
that show the effect of the hardness of the deform-
able part are shown in Fig. 16. The trend is the same as 
that of deformation pattern (a). As the plasticizer mix-
ing ratio increases, the error of the neutral arc length 
l decreases; however, the difference in the values of l 
between pulling and return increases. In contrast, there 

Fig. 5  Deformation model of the planar mechanism with two 
degrees-of-freedom input. The light pink part shows the natural state, 
and the dark pink part shows the deformation state when the wires 
are pulled
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is no difference between the cap angle θ values during 
pulling and return.

Discussion
The prototype was deformed in the same way as the 
model, and the effectiveness of representing the 
mechanism of the experimental deformation with 
an arc-shaped deformation model based on the PCC 
assumption was demonstrated. In a previous report 
[14], the change in the cap angle with respect to the 
wire length l1 for deformation pattern (a) was reported 
for a prototype with a plasticizer mixing ratio of 50 
wt%. The maximum relative error was − 17.4% when 

θr = 90◦ , and the RMS of the relative error during pull-
ing was 14.6%. Using the same conditions, the relative 
error in this study is − 13.7%, and the RMS of the rela-
tive error during pulling is 10.4%. As mentioned in the 
“Wire-pulling Mechanism with Embedded Soft” sec-
tion, the previous study used a Bowden cable mecha-
nism between the driving pulley and the base. The 
decision to omit the Bowden cable mechanism appears 
to have contributed to the reduction in error. In the 
graphs of trajectories in the configuration space and 
task space and errors, the mean values of three trials 
were plotted and the standard deviations were drawn 
as an error bar. The standard deviation is sufficiently 

Fig. 6  Experimental equipment. The base is fixed to a black acrylic plate which is fixed to the frame. The cap can be moved planarly on the black 
acrylic plate

Fig. 7  Pictures of deformation pattern (a) when only l1 is pulled. The plasticizer is used at 100 wt%. The yellow line indicates the neutral arc line l on 
the surface of the deformable part predicted by the deformation model. Note that the red line on the surface of the prototype does not match the 
neutral arc line in the plane where the wires exist because the prototype does not deform uniformly in the Z-direction
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small compared to the magnitude of the error that the 

number of repetitions of pulling and returning does 
not seem to have a significant effect on the error.

However, the relative error remains approximately 
10%, indicating that the arc-shaped deformation 
model based on the PCC assumption is limited. For 

the neutral arc length l, the RMS values of the error 

decrease as the deformable part becomes softer during 
pulling in either of the two deformation patterns tested 
(Figs. 11 and 16). In particular, the RMS with a plasti-
cizer mixing ratio of 100 wt% in deformation pattern 
(a) is almost equal to the measurement error observed 

Fig. 8  Trajectories in configuration space c = [l θ ]T  (top) and task space p = [x y]T  (bottom) of deformation pattern (a). Each plot represents 
the mean value of the three times. The error bars represent the standard deviation.

Fig. 9  Neutral arc length l (top), its error (middle), and relative error (bottom) to wire length l1 for each plasticizer mixing ratio in deformation 
pattern (a). Each plot represents the mean value of the three times. The error bars represent the standard deviation
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in the image, which is consistent with the deforma-
tion model. Therefore, adding a correction term for 
the hardness of the deformable part to the arc-shaped 
deformation model under the PCC assumption could 
counteract this limitation. In contrast, for the cap 
angle θ , the RMS values of the error and relative 
error are constant when the plasticizer mixing ratio is 
increased in both deformation patterns. However, the 
plasticizer ratio of 10 wt% is an exception. Because a 
wire is used in this mechanism, it is possible that the 
wire is not tangentially connected before and after 
the end face of the deformable part; rather, it flexes. 
In addition, although the radial deformation of the cir-
cular arc is ignored in the deformation model, a radial 
strain due to the Poisson effect occurs in the matrix of 
the deformable part. Such a strain would lengthen the 
wire path relative to that predicted for the arc-shaped 
path by the deformation model and may be a cause of 
the error that exists independently of hardness.

Hysteresis (i.e., the difference between pulling 
and return) increased as the plasticizer mixing ratio 
increased. The wire exerts a force only during com-
pression of the deformable part; the wire does not 
contribute to the extension of the deformable part. 
The elastic force of the deformable part contributes to 
the return. Therefore, if the plasticizer mixing ratio is 
large, and the elasticity of the deformable part is low, 

Fig. 10  Cap angle θ (top), its error (middle), and relative error (bottom) to wire length l1 for each plasticizer mixing ratio in deformation pattern (a). 
Each plot represents the mean value of the three times. The error bars represent the standard deviation

Fig. 11  Root mean square of error to plasticizer mixing ratio in 
deformation pattern (a)
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Fig. 14  Neutral arc length l (top), its error (middle), and relative error (bottom) to wire length l1 for each plasticizer mixing ratio in deformation 
pattern (b). Each plot represents the mean value of the three times. The error bars represent the standard deviation

Fig. 15  Cap angle θ (top), its error (middle), and relative error (bottom) to wire length l1 for each plasticizer mixing ratio in deformation pattern (b). 
Each plot represents the mean value of the three times. The error bars represent the standard deviation
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then hysteresis may be caused by an relative increase 
in the frictional force between the cap plate and the 
black acrylic plate. When this mechanism is applied to 
a vocal robot tongue, the planar constraint of this pro-
totype is not necessary, and the Y direction shown in 
Fig. 5 is the vertical direction. Consequently, the effect 
of hysteresis is considered to be negligible. However, 
when the plasticizer mixing ratio is large, the deforma-
tion caused by the weight of the deformable part must 
be considered.

In the proposed mechanism, position-controlled 
motors with sufficient servo stiffness pull the wires 
(steady-state deviation of the motor angle was less than 
0.5%); therefore, the input is a displacement, not a force. 
For this reason, the deformation is modeled by geom-
etry without solving for the static force equilibrium 
in this study. Including the hardness of the deform-
able part as a parameter would increase the accuracy 
of the deformation model. In this case, the equilibrium 
between the displacement due to the wire and the elas-
tic force of the deformable part must be considered. In 
[18], modeling was performed by balancing the pulling 
force and the elastic force of the cantilever beam, while 
assuming PCC. However, in the mechanism presented 
in this paper, the wire to be pulled is not a flexible beam. 
Instead, the matrix of the deformable part exerts an 
elastic force, making it difficult to apply the method 
of [18]. In [5, 6], elastic beams are bent by wires, and 

Fig. 16  Root mean square of error to plasticizer mixing ratio in 
deformation pattern (b)

deformation models that consider friction are estab-
lished without assuming PCC. In contrast, in this study, 
a sufficiently thick elastic mass is used instead of an 
elongated flexible beam that does not contract; there-
fore, this application is still difficult. More rigorous 
deformation modeling is a future challenge.

In this study, the deformation was measured with a 
camera. However, when applied to the tongue mecha-
nism of a vocal robot, it is difficult to measure defor-
mation using a camera. Extension/contraction/bending 
sensors or IMUs that can be incorporated into a soft 
body made of silicone resin is also an improvement that 
is needed in the future.

Conclusion
The aim of this work was to develop a tongue mechanism 
that can be mounted on a vocal robot. In this paper, I 
proposed a wire-pulling mechanism with embedded soft 
tubes as a method to incorporate wires into soft mate-
rial. A prototype capable of contraction and bending was 
built, and the manufacturing method was described. A 
deformation model based on the PCC assumption was 
formulated. The prototype was evaluated in the same 
way as the model in deformation tests, demonstrating the 
effectiveness of the model. Variations in the error with 
respect to the hardness of the deformable part were dis-
cussed, and the limits of a deformation model based on 
the PCC assumption were presented.

More accurate deformation modeling that includes 
forces and viscoelasticity characteristics of the mecha-
nism and extension/contraction/bending sensors that 
can be incorporated into the soft body will be investi-
gated in future studies. A mechanism with two degrees 
of freedom is not suitable for use as a tongue mechanism 
of a vocal robot. The construction of deformation models 
and control systems with more degrees of freedom will 
be pursued in future studies.
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