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Abstract-We report the application of fiber Bragg grat­
ing (FBG) arrays in polymer optical fibers for the quasi­
distributed displacement and torque sensing in a series elastic 
actuator's spring. The arrays wcre inscribcd in cyclic transparent 
optical polymer fiber through the direct-write, plane-by-plane 
inscription method using a femtosecond laser. 1\vo arrays with 
four FBGs each were positioned on a rotary spring, and a numer­
ical analysis using the finite-element method was performed to 
evaluate the sensors' behavior under different loading conditions. 
Experimental tests were performed on the spring, and the results 
show that the FBGs responses follow the predicted numerical sim­
ulations. In addition, a Kalman filter was applied on the response 
of the FBGs for sensor fusion, leading to a more accurate torque 
estimation, where the relative error for the torque estimation was 
improved by a factor of 7. Furthermore, transverse forces were 
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applied on the prcdefincd points of the spring in order to show 
the ability of the quasi-distributed sensor appmach to identify 
externai mechanical disturbances on the spring. 

lndex Terms-Polymer optical fiber, fiber Bragg gratings, 
series elastic actuators, torque sensor, Kalman filtcr. 

I. I NTRODUCTlON 

S TIFFNESS reduction is a currcnt tre nd for the design 
of robots and actuators [I] . The so-ca lled soft robotics 

(where flexible structures and actuators are used) may be 
regarded as one of the leading technologies for the devel­
opment of next generation robots [2]. Therefore, stiffness 
reduction is especially importam in biomedical applications, 
in which the robotic device has to comply w ith biocompat­
ibility and biomimicry requireme nts [3]. Series elastic actu­
ators (SEAs) are one of the first technologies to break the 
"sti ffer is better" paradigm that endured for many decades in 
robots design [4). Si11ce their first report in 1995, SEAs have 
been used 011 the design of robots [5], prostheses [6] . 
orthosis [7] and exoske letons [8]. Even now, more than 
20 years !ater. SEAs are regarded as a core techno logy 0 11 
actuator's design of flexible/compliant robots [9]. 

A SEA is comprised of an elastic element between the 
motor unit and the load, which ( for weara ble robots for gait 
rehabilitation and assistance purposes) leads to an increase of 
the compliance between the wearable robot and the user [7]. 
Th is feature leads to an actuator with low output impedance. 
reducing the risk of acc idents with the user. In addition , 
the bandwidth reduction caused by the spring is not an issue 
in wearable applications, as human movemem also occurs in 
low frequencies [10] . Thus. SEAs are successfully employed 
in wearable robots for gait rehabilitation with advantages over 
conventional therapies related to their highe r repeatability, 
the quanti tative feedback of the patient recovery and possi­
bility of treatment customization [ 11] . 

Hooke's law states that, if the spring operates within its 
linear region, the force (or tOt·que) is proportional to the 
displacement, where th is proportion ality is given by the spring 
stiffness. Hence, it is possible to estimate the force (or torque) 
in the actuator by means of only measUting the sp1ing dis­
placement, which simplifies the actuator instrumentation [4] 
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for robust force conu·ot and impedance controllcrs [7], [9]. 
For this reason, encoders and potentiometers are convention­
ally applied in the SEAs insttumentation [ 12]. However. other 
than their sensitivity to electromagnetic fields, these sensors 
need to be precisely assembly in the spring axle. which results 
in a Jess compact system [13]. Since the sensors are not 
directly positioned on the spring. the measurement is also 
sensitive to backlash on the motor unit, which generally needs 
compensation, as reported in [7]. 

Polymer oplical fibers (POFs) have seen significant recent 
evolution, from restricted applications in sbort communication 
systems to highly sensitive and reliable sensor and communi­
cation systems [ 14], [ 15]. Such widespread use o f POF sensors 
is mainly due to their advantages over the sílica counterparts 
related to their material features, which include lower Young's 
modulus, higher strain limits, higher fracture toughness and 
impact resistance [14]. Furthermore, POFs share the advan­
tages of silica optical fibers for sensors applications, which 
include lightweight, compactness, multiplexing capabilities 
and electromagnetic field immunity [ 14]. For these reasons, 
POF sensors were already proposed in the literature to measure 
parameters such as temperature [1 6], su·ain [17], angle [18], 
humidity [19], pressure [20], force [2 1] and acceleration (even 
in ul trasound region) [22], where thesc parameters are also 
important in a robot instrumentation. 

Applications of POF sensors in robot instrumentation and in 
movement analysis have alrcady been proposed [23]. In pre­
vious work, the feasibili ty of rotary SEA instrumentation wi th 
POF sensors was demonstrated [ 13], where it is possible to 
measure the sp1ing deftection directly on the spring, instead of 
placing a sensor on the output axis (as it is made with encoders 
and potentiometers). Among the different technologies of 
optical fiber sensing, fiber Bragg gratings (FBGs) offer good 
multiplexing capabilities, which enable the inscription of long 
sensor arrays in the same fiber [24]. FBGs have been inscribed 
in POFs since 1999 [25] with increasing degree of success and 
greater efforts have been made to realize polymer optical fiber 
Bragg gratings (POFBGs) inscription in commercially avail­
able fibers [26], [27], which is challenging due to their larger 
core diameters and therefore multimode operation, resulting 
in multi-peak spectra [28]. In order to overcome this issue, 
Theodosiou et al. [29] showed a single peak spectmm obtained 
in a multimode POF through the optimizaüon of the inscription 
parameters to control the coupling between the grating and the 
core modes using a suitable femtosecond (fs) laser inscription 
(direct-write, plaoe-by-plane inscription method [30]). Cyclic 
transparent optical polymer (CYTOP) POFs were employed 
due to their lower opticallosses, anel ir was possible to inscribe 
long sensor arrays operating in the 1550 nm wavelength 
region [27], [31]. Actually, it is an important breakthrough, 
since it leads to realistic application of POF-based sensors 
with commercially available FBG interrogators that generally 
operares at 1550 nm wavelength region. 

The feasibility of applying FBG sensors on strain sensing in 
a rotary spring was presented in [32]. However, the employed 
FBGs were inscribed in sílica fibers, this inhibits their applica­
tions in regions that have higher strain in the spring, and only 
two FBGs were placed on this elastic element. I f a higher num-

ber of FBG sensors are placed on the rotary spring it would be 
possible to reconstruct the spring shape when a loading is 
applied through the analysis of the wavelength shift of each 
FBG. It is also possible to infer and reject mechanical distur­
bances on the spring when additional FBG sensors are used. 
The application of FBGs in shape reconstruction of structures 
was demonstrated in [33]. Tbis feature is especially desirable 
when the SEA suffers from mechanical perturbations. Even 
though the elastic element acts as a mechanical low-pass filter, 
the actuator may be subjected to transversal loading with 
lower frequency, especially in wearable applications due to 
inherent three dimensional behavior of human movement [34]. 
These mechanical disturbances can lead to measurement errors 
in conventional potentiometers and encoders due to their 
sensitivity to misalignments. 

Considering the advantages of POF sensors in conjunction 
with the possibility of inscribing long anays in commercially 
available Jow-loss POFs, this paper presents the instrumen­
tation of the series elastic actuator's spring designed in [7] 
with two FBG arrays in CYTOP fibers, were each sensor 
array has 4 FBGs. Thus, 8 FBGs are distributed on the spring, 
enabling a multi-point strain measuremeot on the spring. This 
configuration results in three advantageous features that will 
be further explored: (i) shape reconstruction of the spring 
under deformation. (ii ) improved accuracy of the torque mea­
surements using Kalman filtering and (iii ) identification and 
rejection of mechanical d isturbances caused by arbitrary exter­
nai loading. The sensor operation and the spring deftection 
under different loadings are esti mated through a numerical 
analysis using the tin i te element method (FEM) and confirmed 
through experi mental analysis. Compari ng to our previous 
work [32], in this work, we use POFs that enable higher 
dynanüc range and sensitivity than their silica counterparts. 
In addition. the used ruray with 7 FBGs enables a reliable 
estimation of the torque through sensor fusion algorithms 
as well as mechanical disturbance rejection in the actuator. 
Thus, the proposed work shows a novel approach for SEA's 
instrumentation. 

II . POFBG-ARRAYS POSITIONING AND 

EXPERI MENTAL SETUP 

The FBGs were positioned on the spring as shown 
in Fig. 1 (a), where a lever was positioned in the spring 
output shaft for the application of predefined disp!acements 
and torques. The fiber was fixed on the spring by means of 
3D-printed supports placed between the FBGs and thenn o­
plastic glue. The spring was fixed in a base, positioned on 
a fixed support to limit ftexion and extensioo movements to 
only one plane. Figure l(b) shows a back view of the spring, 
where it can be seen the encoder E5 series (US digira!, USA) 
positioned on the output shaft (used for comparison with the 
FBG sensors). The spring showed linear behavior for torque 
less than 30 Nm, with a stiffness constant of 92 Nm/rad for 
ftexion and 96 Nm/rad for extension, as characterized in [71, 
which enabled torque estimation through the spring angular 
deftection. 

Regarding the POFBG arrays ' inscription, a commercial 
mul timode CYTOP fiber (Chrom is Fiberoptics Inc.) wi th 
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Fig. 1. (a) F rom view of Lhe spring with the FBG >Cil>Or posttwns. 
schematic rcpr.:scntaliun of Lhe POF cunnectorization and FBG intcrrogutor. 
(b) Rear view of Lhe spting wiLh thc cncoder used for compatison purposes. 

graded index was used. The dimensional characteristics of 
this fiber are: 120 Jlm core diameter, 20 11m cladding thickness 
and a polycarbonate overcladding that result in a total fiber 
diameter of 490 Jlm. The inscription was performed with 
an fs laser system (HighQ laser femtoREGEN) centered at 
5 17 nm with a 220-fs pulse duration using the direct-wrire. 
plane-by-plane inscription method [27], [29 j. In this case, 
the POF is positioned on an air-bearing translation stage (with 
nanometer resolution) for its motion during inscription. The 
beam is focused on the POF with a x50 objective tens and it 
is accurately controlled to guarantee that the refractive index 
modifications are induced at the center of fi.ber core. where 
a pulse energy of ~80 nJ and the repetirion rate of 5 kHz 
were used. The FBG arrays are at I 550 nm wavelength region 
and each FBG has a physical length of 1.4 mm. Thereafter, 
an annealing is performed on the arrays (as described in [351) 
and the FBG a1Tay is butt-coupled to a multimode sílica fiber 
using a UV-curing g lue (Loctite AA 3936, USA), which is 
fusion spliced to a single mode sílica pigtail in order to obtain 
a smooth variation of the core diameter (see Fig. I (a)). 

Firstly, numerical analysis is undertaken on the spring to 
evaluate its deftection with torque and the strain distribl_ltion 
when a transverse force is applied on arbitrary points o f the 
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spring. Then, experimental evaluation is perfonned in which 
three different ftexion and extension displacements are appl ied 
on the spting using the lever connected to the spring shaft 
(see Fig. I). In addition, transverse forces are applied to the 
spring to evaluate the FBG sensors in identifying these forces 
and whether flexion and extension displacements are possible. 
In order to obtain a reliable measurement of the flexion and 
extension on the spring, a Kalman filteting [361 is applied on 
the response of the FBG array using the known displacements 
applied to the spring as a reference for the fil ter estimation. 

The Kalman filter is a recursive filter that estimates the 
state of a system from a series of measurements. In this way, 
the measurements of each sensor and the reference are used to 
generate an estimate of the system measurements as a whole. 
Thi s estimate has a lower error than the measurement of each 
sensor analyzed separately [37]. Tbe fi lter uses a procedure 
that utilizes a definition of weights for the sensors. The sensors 
that display lower errors have higher weight in the estimation 
of the state, in comparison with sensors that display greater 
uncettainty. Defined weights are, in fact, the covariance of 
each sensor. The lower the covariance the higher the weight 
of the result obtained by the sensor in the final estimation [38]. 
The Kalman filter is employed in sensor fusion due its 
simplicity and ease of implementation and optimization [38]. 
Interested readers may refer to [39] for the detailed descrip­
tion, modeling and applications of the Kalman filter. If the 
system is in state space. the prediction is made through ( I ) 
and (2); and updated through (3), (4) and (5). 

-~k lk- t = Axk- l lk- 1 , 

Pklk- 1 = APt - t!k-IA', 

G = Pk!t- t C '(C Pk!k-IC' + R), 

Pklk = (1 - GC)Pklk-t. 

xklk = .rk!k- t + G(zk- Cxklk- 1) . 

(I) 

(2) 

(3) 

(4) 

(5) 

where A and C are the transition matt·ices of state (at time k) 
and observability, respectively. which have unitary values in 
this case, since, presumably, the sensor does not alter the 
system dynamics. G is the Kalman gain, P is the covariance 
matrix. Zk is the measured signal, R is the sensors covariance. 
I is the idencity matrix and .ik\ k is the estimated state at time k 
given observations up to and including at time k. Thus, the 
response of each FBG results in the Zk matrix used on the state 
prediction in conjunction with the transition matrix A (unitary) 
and the sensor covariance matrix P. Then. the prediction 
is updated by means o f estimating the Kalman gain (C ) 
from (3) in which the covariance ( R) of each sensor obtained 
in the calibration procedure is used to provide such estimation. 
Thereafter. the covariance matrix and the estimated state are 
updated, resulting in a more accurate estimation of the torque, 
in this case. 

riT. NUME RICA L ANALYSIS 

In arder to evaluate the spring deftection at each of the FBG 
sensor locations. a numerical simulation is performed on the 
spting through FEM analysis using Ansys Workbench I 5.0. 
In the analysis, the outer cylinder is fixed. whereas torque is 
app lied to lhe inner cylinder (where the output shaft is located). 
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0, 015 0,015 
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Fig. 2. Equivalent Von Mises srrain (m/m) ou lhe spri ng under (a) fl exion 
and (b) cxtens ion. 

Figure 2 shows the results obtained in Lhe simulation for 
tlexion (Fig. 2(a)) and extension (Fig. 2(b)), where torque of 
the same magnitude (20 Nm), but different direction (flexion 
and extension), was applied. 

The simulation results shown in Figure 2 indicate that there 
is a strain variation at ali points analyzed proporcional to the 
applied torque (following Hooke's law). H also shows the 
polarity of the strain, where the equivalent Von Mises strain 
values are similar on flexion and extension cases, but with dif­
ferent directions for the deformation. If the clockwise direction 
(extension cycle) is considered the positive direction, the strain 
components at the counter-clockwise direction have the same 
magnitude, but with the negative signal (indicating the dif­
ferent direction). After verifying the spring behavior under 
flexion/extension cyclcs, another numerical analysis is made 
to verify the effect of an externai force applied on the front 
plane of the spring (see Fig. 3). This transverse force acts 
as a mechanical disturbance on the system, which needs to 
be evaluated by the sensor an ay. Figure 3 shows the strain 

9,3843e-5 M.x 
8,3416e-5 
7.2989e-5 
6,2562•-5 
5,2135e·5 
4,1708•·5 
3,U 8le-5 

2,0854•-5 
l,0427e-5 

LSSOle-11 Min 

application 

FBG7 

FBG6 

~ FBG5 

FBG4 

Fi g. 3. Equivalent strain (m/m) on rhe spring under a transverse force of 5 N. 
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Fig. 4 . FBG a1ny spectra wirh and wilhout torque. The in~er show the mean 
and standard deviation of the Slrain response of lhe FBG arrays. 

on the spring after the application of an arbitrary transverse 
force, which has 5 N magnitude in the simulation. 

The transverse force simulation shows that there is a stress 
concentration on regions close to rhe point o f force application, 
which leads to higher strain in the FBGs close to this region. 
Thus, by analyzing the response of all the FBGs on the 
spring, it is possible to infer if the strain is caused by a 
transverse force or by the tlexion/extension, since the position 
of each FBG is known. Therefore, a simple and straightforward 
analysis of whether the spring detlection is due to tlexion and 
extension or rransverse mechanical disturbances is extracted 
from the wavelength shifts of FBGs positioned on the spting. 
These results are subsequently compared with the case where 
only tlexion and extension torques are applied to the spring. 

IV. E XPERIMENTA L ANALYSIS 

The arrays in the CYTOP fiber were inscribed with the 
d irect-write, plane-by-plane method using the fs laser as 
di scussed in Section TI. The spectra of an array with 4 FBGs 
is presented in Fig. 4 under different torques, where it 
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Fig. 5. la) Wavelength shift for the 8 FBGs and simulated smtin un the 
region of each FBG. (b) Wavelength shift at each region of the spring as a 
tool for shape reconstruction of the device under defonnation. 

can be seen the wavelength shift on the FBGs. The reason 
to present those 4 FBGs is to improve the visualization of the 
torque inftuence on the FBGs spectra. In addition. the inset 
of Fig. 4 shows the mean and standard deviation o f the 8 FBGs 
responses under differcnt strains. The sensors sensitivities 
are 1.8 ± 0.2 pm/ fi. C, where sue h sensitivities are related to 
the annealing treatrnent performed on the fiber as discussed 
in [35]. 

As shown in Section IIJ , the deformation at each region 
of the spring is different. Thus, each FBG will be subjected 
to different strains. In order to compare the simulated and 
experimental results, a constant displacement of 0.2 rad is 
applied o n the spring in the clockwise d irection (exten­
sion), which results in a mrque of "' 18.4 Nm, consider­
ing the spring stiffness of 92 Nm/rad [7]. Figure 5 shows 
the obtained wavelength shift for each FBG at a constam 
torque, where the experimental results obtained from the FBGs 
wavelength shift are compared with the strain obtained in 
the simulations in the region of each FBG (see Fig. 2(a)). 
Since the increase of the strain leads to an increase of the 
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Fig. 6. FBGs responses a~ a funcrion of lhe applied torque on lhe spring. 

FBGs wavelength shift, the results of Fig. 5(a) shows that 
the FBGs present similar behavior when compared to the one 
predicted by the numerical analysis. It is noteworthy that the 
comparison between the sensors responses and the simulated 
strain is performed only to check whether or not the FBGs 
follow the same pattern of the strain at each region, since, 
as verified in [71. there are differences between the simulated 
and measured strains on the spring dueto material anisotropy 
and numerical errors. Thus, the qualitative analysis shown 
in Fig. 5(a) indicares the possibility of using the response 
of each FBG for the shape reconstruction of the spring 
under ftexion and extension as shown in Fig. 5(b), where a 
colormap with the wavelength shif t of each respective FBG is 
placed on the spring at the region where the wavelength shift 
was measured. 

The behavior of each FBG inscribed in POF is evaluated 
under different ftexion and extension torques, where extension 
torques are negative and the flexion ones have the positive sig­
nal. Fig ure 6 shows the response of the 8 FBGs, individually. 
As shown in simulated and experimental resulls in Fig. 5(a) 
and confirmed in Fig. 6, FBGs 3 and 6 show the largest 
variation whereas FBGs I , 2 and 8 presenteei the lowest 
wavelength shift, which is strictly related to their positioning 
on the rotary ~pring. 

In addition, Fig. 6 shows a linear relat.ion between each FBG 
and the applied torque, where each FBG ha~ its own linear 
regression equation depending on its position on the rotary 
spring. The linear regression terms (a and b) of FBGs 1 to 8 
as a function of the torque is presented in Table I, where a is 
the sensitivity (in nm/Nm) and b is the offset (in nm) in the 
linear regression. 1t is worth noting that each equation has the 
type shown in (6), where T is the torque applied on the spring 
and t...l. is the wavelength shift. Furthermore, by isolating the 
T term in (6), it is possible to obtain the torque estimated 
by each FBG sensor. In this way, the estimated responses 
of the FBGs are compared wi th the applied torque and the 
root mean squared error (RMSE) between the estimated and 
applied torques are also shown in Table I for each FBG, 
where 3 measurements were made. Comparing with the 
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TABLE I 

LINEAR R EGRESSION AND TORQUE RESPONSE OF E A C' H FBG 

FBG a (nm/Nm) b (11111) RJ\IISE (Nm) 

I 3.4x 10·1 u x 1 o·- 1.37 
2 5.0 x 10·3 -1.6x I 0·3 1.24 
3 4.3 x w·' l.l X JO·I 3.14 
4 1.8xto·' 4.0x 10·3 0.87 
5 2.1 x to·' - I. 7x I o-~ 1.16 
6 R.8 x 10·' -I.Sx 10·' 1.29 
7 2.7x 10-~ -6.0x!0.3 0.89 
8 6.5 x 10·' -9.Jx 10·3 1.10 

silica FBGs on the same spring (presented in [32]), sensitiv­
ities up to 8 times higher were obtained with the proposed 
FBG array inscribed in POFs. This higher sensitivity in 
conjunction with ease of installation highlight the advan­
tages of using POFs instead of sílica fibers in this particular 
application. 

!!.}_ = aT +b. (6) 

The RMSEs shown in Table I are related to nonlinearities 
on the linear regression of each FBG, whereas the differences 
on the coefticients a and b indicare the inftuence of the 
FBGs positioning on their responses. It is worth noting that 
such feature was already anticipated on the numerical analysis 
performed. As depicted in Fig. 6, FBG 3 shows the lowest 
determination coefficient (R2) with the linear regression due 
to nonl inearities on the sensor behavior, which also resulted 
in asymmetTy on the response comparing lhe flexion and 
extension cycles that can be re lated to the fiber posi tion ing on 
this specific region on the spring. Thus, FBG 3 also showed 
the highest RMSE in comparison to the estimated applied 
torque. For lhe other FBGs, the RMSE was ~ 1.0 Nm and 
the R2 of these sensors exceeded 0.99 (see Fig. 6), which can 
be regarded as low errors if the whole tested torque range 
is considered. Considering ali 8 FBGs, the mean RMSE is 
1.39 ± 0.73 Nm, which represents a relative error of about 
4.2% when the whole torque range (about 32 Nm) is evaluated. 
However, there a re 8 sensors providing the same information , 
i.e. , ftexion/extension torque 011 the rotary spring. For this 
reason, it is possible to apply sensor fusion algorithms in the 
sensors responses in order to obtain a more accurate measure­
ment. Therefore, the Kalman filter (described in Sectioo li) is 
applied 011 the sensors respooses. The parameters of the filter 
are estimated recursively by comparing the sensor response 
after the sensor fusion with the reference torque in order to 
obtain the lowest possible error for the sensors. In this case, 
tbe covariance o f each senso r (R t-R) is obrained based on 
the error of each sensor, where the lower errors resulted in 
lower covariance values as depicted in Fig. 7. The FBGs torque 
estimation after the sensor fusion is shown in Fig. 7, where 
the appli ed torque is compared with the estimated one (with 
the fusion of the 8 FBG sensors). 

Regard ing the resu lts of Fig. 7. there is a substantial 
decrease on the sensor RMSE when compared to the applied 
torque, which is also related to the increase of the sensor 
linearity (R2 = O. 999). Comparing to the results shown in 
Table I, there is a seven-fold decrease of the sensor's RMSE, 
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Fig. 7. Torque estimated aftcr lhe scnsor fusion between 8 FBGs comparcd 
with lhe applied torque. The RMSE and eovariance matrix values are also 
prcsented. 

which leads to a much more accurate measurement of the 
torque applied on the spring. In addition, if the whole 
torque range is considered. the sensor's response following 
the application of the Kalman fi lter results in a deviation of 
only 0.59%. These results show the feasibil ity of applying a 
FBG array in conjunction w ith sensor fusion techniques on the 
spring to obtain highly accurate and reliable sensor systems. 
However, the quasi-distributed measurements on the spring 
br ings another advantageous feature for the sensor system, 
which is the possibi lity of rejecting externai mechanical dis­
turbances on the spring. Since it is possible to estimate the 
strain at each point of the spring, one can estimare if a 
g ive11 deflection on the spring is due to the flexion/exte11sion 
torques or due to transverse forces 011 the spring, which are 
regarded as mechanical disturbances. In order to veri fy tb is 
assumption, arbitrary loads are applied in S points of the 
spring as show11 in Fig. 8(a) a11d the wavelength shift of each 
FBG is presented in the tool for spring shape reconstruction 
for 2 cases. Moreover, ali the transverse force conditions and 
flexion/extensio11 torques are shown in Fig. 8(b), where the 
su bp lot of the top shows the FBG responses at 3 different 
flexio11/extension torques, whereas the one at the bottom of 
Fig. 8(b) shows the FBG responses at the S transverse force 
conditions. 

ln Fig. 8, ali 5 cases analyzed bave shown an increase 
of the wavelength sbift on the FBGs close to the point of 
tra11sverse force application. As expected, the shift was higher 
on FBGs 3 and 6, since these sensors are positioned on the 
region of the highest strain on the spring, as predicted by 
the numerical simulation and contirmed in the experimental 
analysis. As shown in Figs. 5 and 6, the response of each 
FBG is linear, which means that the response of the sensors 
follow a weU-defined pattern when only flexion a11d exte11sion 
are applied on the spri11g. Hence, a simple a11d straightforward 
manner to idcntify externai disturbances on the spring is by 
comparing the stra in distribution (from the wavelength shift of 
ali FBGs) on the spring for a given loading co11ditio11 with a 
reference strain condition. The reference condition is obtained 
when only flexion and cxtcnsion are applicd on the spring. 
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V. CONCL US IONS 

This paper has presented the instrumentation of a SEA's 
spring with FBG arrays inscribed in CYTOP fibers. Two arrays 
(each one with 4 FBGs) were inscribed in the POF using 
the direct write, plane-by-plane inscription with the fs laser. 
The 8 FBGs were positioned on the rotary spring and a numer­
ical simularion using FEM was pe1i ormed in ordcr to predict 
the sensor's behavior under flexion and extension torques as 
well as transverse forces. An experimental analysis was made 
on the spring for the both conditions (ftexion/extension torques 
and transverse forces). The experimental resul ts confinned 
the initial assumptions that the proposed quasi-distributed 
measurement on the spring offers advantageous features to the 
SEA's instrumentation. These advantages are the possibi lity of 
displacement measurement in different points of the spring, 
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which can aid on the design and optirnization of lhe spring for 
a given operation condition or design requirement. Moreover, 
there is the possibility of obtaining more information of a 
single variable by means of the application of the Kal man 
fi ller for sensor fusion, resul ting in a seven-fold decrease of 
lhe torque estimalion eLTor when compared with the results 
without the sensor fusion. The quasi-distribuled sensor sys­
tem on the spring also enabled the identi fication of externa] 
mechanical disturbances on the spring, which can aid on the 
robotic device control. In summary, this paper shows not only 
lhe feasibi lity, but also the advantages o f applying a FBG array 
on lhe instrumentation of an elastic element, which is well 
aligned with the instrumentation requirements of soft robots 
and compliant struclures. Thus, the proposed methodology can 
be applied in differenl springs and in different flexible struc­
lures of soft robotics, which will be explored in future work. 
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