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Abstract: The control of tendon-driven actuators is mainly affected by the tendon behavior under stress
or strain. The measurement of these parameters on artificial tendons brings benefits on the control and
novel approaches for soft robotics actuators. This paper presents the development of polymer optical
fiber sensors fabricated through the light spinning polymerization process (LPS-POF) in artificial
tendons. This fiber has exceptionally low Young’s modulus and high strain limits, suitable for sensing
applications in soft structures. Two different configurations are tested, indicating the possibility
of measuring strain and stress applied in the tendon with determination coefficients of 0.996 and
0.994, respectively.
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1. Introduction

The continuous evolution of robotics in conjunction with novel techniques for signal processing,
control and instrumentation of robots have enabled the widespread of such devices in many
applications [1,2]. Among many soft robot actuation technologies, as summarized in [3], tendon-driven
actuators are remotely actuated and can lead to a soft robot for continuous operation with low
stiffness [3], making it suitable in different applications [4-6], including minimally invasive surgeries [7].
In addition, such technology enables an optimized mass distribution in conjunction with the possibilities
of developing underactuated robotic structures [8,9] as well as devices with configurable stiffness [10].
As tendon-driven robots enable dexterous movements, they are also applied in wearable robots [11]
and bio-inspired robotic devices [12].

For a better controllability of tendon-driven actuators, the tendon displacement (or strain) provides
reliable information regarding the system dynamics and the transmitted movement to robot’s joint or
limb in case of tendon-driven wearable robots [13]. However, the tendon displacement assessment
is difficult, due to its large deformation and the difficulty in sensors assembly. Hence, the tendon
displacement (and dynamics) is considered a black box model in the modelling and control or is
estimated through indirect measurements [14]. Regarding tendon displacement sensing, some methods
were proposed for ex-vivo such as imaging methods and stress-strain tests with universal testing
machines [15]. Both approaches are not able to provide real time measurements in non-structured
environments or during the robot operation.
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As an emerging sensing technology, optical fiber sensors find many applications on the
measurement of mechanical parameters at different scenarios, which includes industrial, healthcare
and robotics applications [16-18]. Furthermore, optical fiber sensors were employed in ex-vivo tests
for strain sensing in Achilles tendons and for tests in knee ligaments [19,20]. A sensor embedded
in a tendon for stress or strain sensing should present a Young’s modulus close to the one of the
tendon to obtain a sensor that does not influence the tendon’s mechanical parameters. However,
commercial optical fibers—silica and polymer optical fibers (POFs) have a Young’s modulus of a few
GPa (POFs) and tens of GPa (silica optical fiber), which is one order of magnitude higher than the ones
of tendons (hundreds of MPa).

This paper presents a POF sensor for real time stress and strain assessment in artificial tendons.
The proposed sensor is based on the intensity variation principle [17], resulting in a compact and
low-cost system. A highly stretchable POF was used on the instrumentation, manufactured through
the light spinning polymerization process, which results in an optical fiber with a low Young’s modulus
and strain limits orders of a magnitude higher than commercial optical fibers [21]. In order to verify
the influence of the POF sensor in the artificial tendon’s properties, tensile tests were performed in
the artificial tendon with different optical fibers embedded (i.e., CYTOP, silica fiber and LPS-POEF),
where the elastic modulus and system stiffness was analyzed for each case. Then, an LPS-POF sensor
embedded in an artificial tendon was tested for stress and strain sensing on the tendon.

2. Materials and Methods

A filament with 2.85 mm diameter made of thermoplastic polyurethane (TPU) model Flex filament
(3D Fila, Belo Horizonte, Brazil) was employed to emulate a tendon in the experiments due to its
flexibility and low Young’s modulus (tens of MPa). The tests were performed by means of positioning
the TPU and/or the fibers in a tensile test machine (Biopdi, Sao Carlos, Brazil) as show in Figure 1.
The testing machine has a displacement sensor and a load cell to measure position and force, respectively.
The tensile tests were performed on TPU and the LPS-POF, where the same strain rate was applied at
all tests. The Young’s modulus was estimated as the slope of the stress-strain curve in the linear region,
following the ISO 527:2012 standard [22].
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Figure 1. Experimental setup for the mechanical characterizations and sensor analysis.
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The SMF-28 (Corning, NY, USA) silica optical fiber was used and the CYTOP fiber
GIGAPOF®(Chromis Technologies, Warren, NJ, USA) was employed on the performed tests; the fiber
has a 0.5 mm diameter made of perfluorinated polymer with a graded refractive index. Then, tests were
performed with the tendon combined with the optical fibers (i.e., TPU/LPS-POF, TPU/CYTOP, TPU/silica)
to verify which combination has the closest stiffness when compared in the case in which only the
tendon was analyzed. The fibers were attached to the tendon using a UV-curing optical adhesive NOA
88 (Norland, Cranbury, NJ, USA).

After the material characterization, one end of the fiber was connected to a laser source (5 mW
at 660 nm), whereas the other end was connected to a phototransistor (PD) IF-D92 (Industrial Fiber
Optics, Tempe, AZ, USA), as depicted in Figure 1. The strain on the optical fiber leads was a variation
of the fiber refractive index due to the photoelastic effect, resulting in optical power variation on the
fiber [23]. In addition, another fiber, connected to the light source using an optical coupler (LC) IF-562
(Industrial Fiber Optics, USA) and connected to another phototransistor was used to compensate
for light source power variations as well as environmental (temperature and humidity) variations.
Signals of both phototransistors were acquired by a microcontroller FRDM-KL25Z (NXP, Eindhoven,
The Netherlands) with a 16-bits analog-to-digital converter. The sensor response was normalized with
respect to the reference arm.

In the sensor application, two configurations were tested as shown in Figure 2. In the first
configuration, the fiber was parallel to the tendon attached to it through two gluing points, which led
to the possibility of measuring the strain applied on the tendon, by the fiber stretching. The second
configuration the fiber was twisted around the tendon longitudinal axis with two turns (Figure 2).
It was expected that the second configuration would result in a higher sensitivity as a function of the
applied force due the stress-optic effect [23]. It is worth noting that the tests on each configuration
were performed only in the axial direction with controlled displacements, where both ends of the fiber
were fixed to avoid any torsion or bending in the sensing region.
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Figure 2. Configurations employed on the material characterization and sensor’s analysis.

3. Results and Discussions

3.1. Mechanical Analysis

Figure 3a,b presents the stress-strain curves of TPU and LPS-POF, respectively. From these curves,
it is possible to calculate the Young’s modulus of each material, as presented in Table 1. It also presents
the Young’s modulus of silica fiber and CYTOP fiber (characterized in the literature).
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Figure 3. Stress-strain curves. (a) Thermoplastic polyurethane (TPU) and (b) light spinning
polymerization process (LPS-POF).

Table 1. Young’s modulus and diameter of the materials used.

Material Young's Modulus Diameter

TPU 72.45 MPa 2.85 mm

LPS-POF 19.67 MPa 0.90 mm

Silica Fiber (without coating) [24] 69.00 GPa 0.125 mm
CYTOP [25] 1.50 GPa 0.50 mm

The results presented in Figure 3 show a high linearity of LPS-POF in the 16% strain range,
which indicate the suitability of these fibers for tendon strain sensing applications. Since the TPU is
used to emulate the tendon, its mechanical behavior was also investigated. For the TPU, the Young’s
modulus is about 72 MPa, confirming the high flexibility for the materials chosen. For the TPU
and LPS-POF, the tests were made until about 16% strain, but both materials can withstand higher
strains [21,26]. In addition, LPS-POF Young’s modulus is some orders of magnitude lower than the
ones of commercial fibers (silica and CYTOP, in this case).

Then, we combined the TPU with each of the optical fibers presented in Table 1 in order to verify the
resultant mechanical properties of each combination. These experiments were performed as a function of
force and displacement, since the cross-sectional area of the combination between tendon and fiber does
not presenta uniform distribution such as the circular or rectangular cross-sections (fiber diameters show
in Table 1). Thus, instead of the Young’s Modulus of the materials, the experimental characterization
was made as function of the stiffness (k), which is experimentally obtained as the ratio of the force and
displacement. In addition, another definition can be made as a function of the material properties and
geometry. The stiffness analysis (instead of Young’s modulus evaluation) also shows the influence of
the sensor’s length and cross-sectional area on the system’s stiffness, which is an important parameter
on the transparent sensor development, since it is desired that the sensor does not change the tendon’s
mechanical behavior and higher customizability can be achieved by controlling the length and
cross-sectional area of the optical fiber sensor. For an axial loading, the stiffness can be defined as:

k= (1)

where A is the cross-sectional area of the materials, E is the Young’s modulus of the material combination
and L is the length.

From Equation (1), the stiffness depends on material’s Young’s modulus, cross-sectional area and
length of the material, which has to be defined prior to the application. Regarding to the results in
Figure 4, the combination TPU/CYTOP showed the lowest stiffness, which was the combination with
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the longest length. This shows that even though the CYTOP has the second highest Young’s modulus
(among the tested optical fibers), the longer length in combination with the TPU resulted in the lowest
stiffness, as anticipated by Equation (1), where longer lengths lead to lower stiffness. For comparison
purposes, the TPU/CYTOP combination with 70 mm length was also added, where its higher stiffness
than the TPU/LPS-POF can be seen. It is also worth noting that in the TPU/silica fiber combination,
the fiber broke at about 2.7 mm displacement due to the brittle nature of the silica fiber. Thus, the results
in Figure 4 show that by using different lengths of material in combination it is possible to provide
a large tuning on the material stiffness. For this reason, the maximum and minimum lengths of the
sensing region must be known prior to the sensor application in order to obtain a sensor that provides
the minimum influence on the tendon stiffness. It also should be noted that the stiffness calculated for
the TPU/LPS-POF combination in the experiments was 1783.5 N/m, which is close to the one when
only the TPU was tested, 1790.2 N/m. Thus, the LPS-POF does not lead to a significant difference on
the material stiffness when the optical fiber and tendon combination is considered.
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Figure 4. Force-displacement curves for each material combination with different lengths.
3.2. Sensor Application

The results in the first configuration (for strain sensing) are shown in Figure 5a, whereas the ones
of the second configuration (force sensing) are presented in Figure 5b. In configuration 1, the sensor
response presented a higher correlation with the strain applied on the tendon, which expected since in
this configuration there is the measurement of the displacement in the tendon, the linear regression
shown between the sensor response and the strain applied in the tendon has a determination coefficient
(R?) of 0.996. The sensor response and measured force showed a linear correlation with R? of 0.994 for
the second configuration as depicted in Figure 5b. Therefore, it is possible to estimate the force on
the tendon (and the stress by knowing the tendon cross-sectional area) using the proposed sensor in
configuration 2, whereas the strain sensing in the tendon is achieved using configuration 1.

The first configuration presents the fiber in parallel with the tendon, where both elements suffer
the same displacement. For this reason, the sensor in configuration 1 shows the pattern of the strain
applied in the tendon. If configuration 2 is analyzed, there is not only the axial displacement, but also
a bending and torsion in the fiber due to its positioning around the tendon, leading to stress-optic
effect. Such effect is related to the applied stress (and force) results in the possibility of the direct force
measurement, which was confirmed in the experiments. Therefore, depending on the sensor-mounting
configuration, stress or strain can be measured in the tendon and this feature can be used on the control
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and design of tendon-driven actuators. It is even possible to measure both parameters (stress and
strain) in the same time by employing both configurations, which results in the complete dynamic
characterization of the tendon responses.
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Figure 5. Normalized optical power as a function of (a) strain (configuration 1) and (b) force
(configuration 2).

4. Conclusions

In this paper, a POF sensor solution for tendon mechanical applications was presented. The tendon
and optical fibers characterizations were performed in a tensile test machine, where each material



Actuators 2020, 9, 125 70f8

and their combinations with the TPU were analyzed. The results demonstrated that the combination
TPU/LPS-POF presents the closest Young’s Modulus to the TPU material (without any combination).
In addition, the high strain limit of LPS-POF is some orders of magnitude higher than the ones of the
commercial optical fibers (below 10%) and is within the strain range of tendons. However, when the
stiffness was analyzed, the results of material combinations were dependent on the length of the
materials. In the sensor application, one configuration was able to estimate the strain applied in the
tendon, whereas the other was used for force estimation. Both configurations presented high correlation
(R? higher than 0.99) with the applied strain and force measured by the load cell. These results are
encouraging and show the feasibility of the proposed approach on real time stress and strain sensing
on artificial tendons, which can be applied in tendon-driven actuators for soft robots at different
applications scenarios. Therefore, the proposed system has the advantages of low-cost, portability
and capability of measuring the strain directly on the tendon. In addition, the high flexibility of the
POF used, in conjunction with its customizability due to the possibility of changing the length and
cross-sectional area of the optical fiber, results in a transparent sensor system, since the sensor does not
change the artificial tendon stiffness and mechanical behavior. Thus, future researches include the
application of the proposed sensor systems in wearable tendon-driven soft robots and even on the
assessment of mechanical properties in real tendons of human or animals.
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