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Abstract: A sensory apparatus to monitor pressure distribution on the physical
humanrobot interface of lowelimb exoskeletons is presented. We propose a distributed
measure of the interaction pressure over the whole contact area between the user and the
machine asn alternative measurement method of humaloot interaction. To ohin this
measure, an array of newtieveloped soft silicone pressure sensors is inserted between the
limb and the mechanical interface that connects the robot to the user, in direct contact with
the weareis skin. Compared to statd-the-art measures, thedvantage of this approach is

that it allows for a distributed measure of the interaction pressure, which could be useful
for the assessment of safety and comfort of hurant interaction. This paper presents

the new sensor and its characterization, dahd development of an interaction
measurement apparatus, which is applied to a kivwdr rehabilitation robot. The system

is calibrated, and an example its use during a prototypical gait training task is presented.



Sensore011, 11 20¢&

Keywords: humanrobot interaction; physal humansmachine interface; distributed force
sensor; lowefimb exoskeleton

1. Introduction

Exoskeleton and wearable robots have seen a huge expansion in their application field in the last
decade [1], even though research in this field started isixties[2]. They are now applied to several
fields, including power augmentation for the militaBj pr medical assistandd], rehabilitation [5]
and in haptic interfaces [6]. A distinctive characteristic of exoskeletons compared to other robotic
interfaces with haptic feedback is their close physical and cognitive coupling between the robot and the
user [7]. The componer@isphysical and contrél that allow this physical and cognitive cooperation
constitute the humarobot interface. In this work, we aretérested to physical humaabot
interfacesj.e., the mechanical and sensory components that mediate the transfer of physical interaction
between the user and the exoskeleton [8].

There are two widespread ways to interface wearable robots with thecoseectioncuffs and
orthoses. Connection cuffs are soft belts of adjustabée sit hat ar e f asdimbgaoned t c
cuff is used for each connection point. An example of this solution is adopted in the Lokomat®
exoskeleton [5]as well as in the LOPES lowémb exoskeleton [9]. Similar solutions are adopted in
other uppefimb exoskeletons, such as tBSA Human Arm ExoskeletofiQ], the Dampacelfl]-or
the Armin Il [12, and loweflimb exoskeletons like Alex [13and HAL [4]. Orthoses, on the other
hand, are shells made of plastic or other orthopedic materials which can be worn on the part of the
limb onto which the rehabilitation robots apply forces. They have been used in anklengetjand
lower limb [1516], and upper limh [1217] exoskeletal robots. Both solutions increase the
humanrobot interaction area and, therefore, improve comfort, ergonomy and safety of the robot. This
is of particular interest in rehabilitation robots, where lower pressure values increase rdie ove
acceptance and usability of the rolno¢diated therapjl8]. The robotic device transfers loads to the

usero6s | imbs by providing joint torques, and
points with the user. This contact force ldadhen distributed on the physical interface and finally
results in a pressure distribution on the wuse

different ways to quantify physical humaobot interaction: by directly measuring interantiorce, or
through and estimation of interaction torque.

The estimation of interaction torque transferred from the robot to the user can bebynade
measuring the torque exerted by the robot joint, and by removing the inertial, Coriolis, friction and
gravity torque components needed to move the robot. The remaining torque is that transferred to the
user through the physical interface. The robot torque can be measured through a torque sensor, o
whenusing series elastic or other compliant actuators, ggaivalent measure of the deformation of
the linear elastic element, as in the LOHE|S The accuracy of the dynamic and friction model of the
robot is critical to get reliable interaction measurements, and is notably difficult to obtain. Another
criticality relies in the presence of interaction dynamics, e.g., due to the presence of soft tissues anc
compliant physical interfaces (such as belts).
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Estimation of interactive torque can be used to compute how loads are transferred to the physical
interface wih the user. To do that, one needs a model of the connection and interaction between the
robot and the user, to correlate the torques measured at the robot joint with interaction forces at the
attachment points. This model may be difficult or even unfeasibobtain, especially when multiple
attachments are used for each link, or when orthotic interfaces are applied.

An alternative approach is that of directly measuring the interaction force at the attachment points.
This can be retrieved through a loagllcplaced at the connection between the cuff/orthosis and the
exoskeleton link, such as in the ESA Human Arm Exoskeletoh ¢Ldn the Alex[13], or by
evaluating the deformation of an elastic transmission element, as in the MIT leg exogd&leptan
equivalent method is that of measuring the deformation of the structure of the robot links, as in the
HAL suite [4].

Force measurements, however, have some drawbacks to be considered. First of all, they hide th
information related to the distribution gfressures at the cuff/orthosis. This information can be
extremely useful, being directly related with the safety and comfort felt by the user during the robot
operation:high (peak) pressures might be uncomfortable or even painful to the usdj,[28dmay
impact the safety and effectiveness of the rehabilitation therapy [18]. Moreover, when belts are used to
strap the user to the device, such as in [5], the forces distributed on the belt may compensate each oth
and, therefore, not result in a measiedbrce at the connection point, while effectively loading the

user 6s skin. This is the case, for exampl e,
Apreloadingd pressure to the | i mb. Fi nweénlthe , [
usero6s | imb and the robot Ilink is not mediate

area, as in the case of powered orthoses like [17].

For these reasons, it seems natural to measure a distributed interaction force distrnguaed
measurement system in contact with the wearer
solution of this kind could involve the use of a thin, distributed pressure sensor, to be inserted betweer
the user and the cuff/orthosis inee€, covering the whole interaction area. Ideally, applying such a
sensory system should not require design changes in the device, to make it applicable to any kind o
robot. Furthermore, a local sensorization placed in contact with the limb would megaatly what
the user is feeling on his limb, and would allow for a real assessment of the comfort of the interaction.

In this work we propose a novel application of distributed force sensing to monitor human robot
interaction in exoskeletong.o obtain tiis measure, we developed a new force sensor, based on an
opto-electronic transduction principle, specifically adapted to the requirements arising from the
humanrobot interaction applicationi.€., soft material, force range, size, number of sensorsy Thi
sensor is loosely based on an existing tactile sensing technology developed in our laboratory, the
Skilsens technology, which we adapted for this purpAsprototype for a new sensory system was
developed, and tested on the attachment points of a -lonkerexoskeleton, the LOPES gait
rehabilitation robot. This sensory system represents a first step towards the development of a
generalpurpose, flexible and adaptable distributed interaction measurement system, applicable to all
kind of exoskeletal deves.

This paper is organized as follows. In Section 2 we present the new distributed pressure sensol
which is used as the base component in our sensory system. The working principle of the pressure
sensor is presented, and a full characterization is giection 3 presents the new sensory apparatus
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to monitor the interaction on an exoskeleton connection cuff. The system is calibrated on four healthy
subjects under static and dynamic condition. Section 4 presents an example of use of this new system t
monitor the interaction pressures during a gait training task. Finally, Section 5 drasasoluisions.

2. The Soft Tactile Sensor
2.1. Design

Our focus being the application of distributed force sensing to the monitoring of robwn
interaction, we devefmed a new distributed soft force sensor, loosely based upon an artificial tactile
technology developed in our laboratories, the Skilsens technf2@g®3. Our sensor (which we will
refer to as fAprepadoeosenismploy M@P&ddyxseins made
based on a mechampto-electronic transduction principle. Each sensitive element is composed of a
light emitter and of a light receiver, and the whole sensor is covered by a soft silietinBasides
covering the electronics and providing structural rigidity to the pad, the shell is directly involved in the
transduction principleA sketch of the single sensitive element is shéigurel(a).

Figure 1. (a) A cross section of the sensehowing the light transmitter (TX) and receiver
(RX) (b) Position of the eight sensitive elemenfs) Overall view of an &hannel
Skilsens Pad.

1 x8 array of sensistive elements /
e — 0 mn

&
6 mm

(@) (b) (©)

¢7mm

A printed circuit board (PCB) houses a light emitter l@@@aN chip technology, high luminosity
green LED, OSA Opto Light GmbH, Kgpenicker Str. 325/Haus 201, 12555 Berlin, Germany) emitting
light along the longitudinal direction, and a photodiode (an analog ambient lightleptoonic
transducer with currentutput, Avago Technologies Ltd., 1 Yishun Avenue 7, Singapore), which gets
the light from the side. When a load is applied on the sensor, it deforms its structure, which occludes
the light path from the transmitter to the receiver, and reduces the ligth véaches the photodiode,
changing its current output. Each sensitive element has a dynamieammdified range of
about 0.2 Volts, with an output i mp e d-aharmmes o f
ADC board, with a sampling frequency okBz, and digitally filtered with a fourtorder Butterworth
filter with a cutoff frequency of 40 Hz. The acquisition and filtering routines were implemented using
NI Labview 2009 National Instruments Corporation, Austin;TUSA).
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The size of the sensaras chosen based on the application (described later in Section 3). The length
of the sensor was fixed to 60 mm, based on the height of the belousediect the user to the robot,
and its width to 20 mm. With this size, as will be detailed later, the sensor does not interfere
significantly with the flexibility of the belt onto which it will be attached. Since the sensor extends
primarily along its length, the sensitive elementsemgositioned in a single row. A number of eight
sensitive elements turned out to be the best compromise between increasing the spatial resolutiol
(along the length of the sensor), and decreasing the optical interference between neighboring sensitive
elemers. Figurel(c) shows the final appearance of the sensor. The mechanical stiffness, and therefore
the maximum measurable force of the pad are mainly determined by the material and by the structura
properties of a transversal section of the sensor.

The transversal section of the sensor is showfigure2, and the main parameters of the section
which determine the overall stiffness are highlighted. The section is defined by five geometrical
parameters: the internal height;fHthe thickness of the siliceron the upper part ¢y the thickness
of the silicone at the basis of the pad (W), and the internal and external pahidR) which connect
the basis of the pad with its upper part. The value of these parameters, along with the choice of the
materid, had to be chosen in order to fit the pad to the force range requirements of the task discussec
in this work.

Figure 2. Cross section of the Skilsens pad. Highlighted are the interpah(l external
(Ry) radii, the uppethicknesqH,) and lower thikness (W), and the inner height;jH

An interaction force range requirement of 60 N, corresponding to an average pressure on the pac
of 50 kRa, was chosen based on a series of preliminary experiments [24]. The material we used was ¢
shore A 40 platinurtaalyzed silicone (Sorta Clear 40, Smo@h, Inc., EastonPA, USA), colored
with a black pigment. This material was modeled usimgna parameter MooneRivlin solid model,
and characterized by Axel Products I6snn Arbor, M1, USA). The four main charderistics which
affect the structural behavior of hyperelastic elastomers were testad][2ire tension (using a long,
thin specimen and a Video Extensometer), pure shear (using a very wide specimen and a Lase
Extensometer), biaxial stress (througtdial stretching of a circular disc, and a Laser Extensometer)
and volumetric compression (with a cylindrical specimen). All the four tests were performed under
slow cyclical loads, to avoid the Mullin effect (changing structural properties during thénfiesthe
material is loaded). The maximum engineering strain for which the material was tested was 0.5.
Details on how this procedure is carried on are given in [25].

To obtain the desired force range, we worked on the geometrical parameteguref 2, by
performing a finite element (FE) analysis using ANSYS 12 (Ansys Inc., Canon§iaurglSA). The
experiment we simulated consisted in a rigid flat body interacting with the sensor parallel to the PCB,
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pushing the silicone structure. While the crossigeaif the silicone cover is constant along the length
of the sensor, we could not perform-d@lithensional FE analysis. The two extremities of the structure,
which fAclosed the structure onto the PCBthe con
cover, and it was not possible to neglect their contribution in the structural analysis. Being that the
cross section at the edges is not constant [see Figure 1(c)], a 3D FE analysis was required.

A representation of half of the simulated system ashin Figure3(a). The setup is composed of a
rigid flat indenter, the silicone structure of the sensor, and the PCB. Exploiting two symmetries in the
structure (along the longitudinal and transversal axes), we performed the FE calculations only on a
guater of the system (the simulation was run on half of the system shofigure 3). The contact
between the flat indenter and the silicone was simulated as a rigid frictionless connection. This choice
was made based on the difficulty of getting a reliable modeling of friction on hyperelastic
materials [27]. The contact between theaceie structure and the PCB was modeled as a bonded
connection. The nonlinearities in the simulation are related with the presence of a contact, and of the
hyperelastic material model. We simulated the load by imposing a displacement of the indenter with
respect to the PCB, and, for each deformation state, we evaluated the total stress state [an example
given in Figure 3(b)], the deformation state [example in Figure 3(c)], and the total force response of the
structure. Our analyses on the silicone hgiftied that the structure suffersiaking effectfor which the
pad gets more deformed in its central part then on its borders. This effect is shown irB{€ig{wéh
magnified deformation), and affects the transduction in two ways: on one sidereases the
deformation on the central part with respect to the borders, and thus increases its effect in terms of
light occlusion; on the other side, it reduces the sensitive range of the sensor, because it decreases tl
force at which the silicone coveruches the PCB (and saturates the -@hatronic output).

Figure 3. 3D CAD representation of the simulated setlmptransparent brown, the rigid
flat indenter, in grey, the siliconstructureand in green, the PCBa) Undeformed
structure.(b) Map of tdal stressBlue corresponds to higher stress areas, green to lower
stress areagc) Map of total deformation. In blue, the areas suffering a bigger deformation.

(@) (b) (€)

Taking these effects into account, we worked on the aforesaid five structural parameters to obtain
the final design. Figuré reports the force/deformation behavior predicted by the FE analysis. It can be
seen that the sensor was expedtedeach the 60 Norce range at a deformation of about 1.5 mm,
which | eads to sat ur ahe igeometricaf paranteters of the final deSign are u t
Ri=6mm, R=6 mm, W =3 mm, b= 3 mm and H= 4 mm Starting from the final design
parameters, the gibne shells are obtained by casting liquid silicone in a male/female acrylic mold.
After polymerization, the silicone shell is glued on the PCB, completing the sensor production process.
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2.2. Characterization

After production, each pad was characterized in its structural and electrical behavior. Both
characterizations were obtained through a single procedure: a load was applied on the pressure sens
using a rigid flat body, to replicate the same setup of Eheifulation, and both the deformation and
the voltage outputs were recorded. The characterization was performed using an INSTRON 4464 testing
machine (INSTRON Inc, NorwoodJA, USA), equipped with a 1 kidad cell, and a rigid flat indenter.

For each sensor, we performéde loadingunloading cycles, executed at a speed of 1 mm/toin,
simulate quasstatic loads. Figure 4hows the result of the structural characterization of the pad,
where the total fice on the sensor is compared with the total deformation. It can be seen that the
behavior shown by the structure is close to the one predicted by FE simulations, and that, as desired
the maximum measurable load of 60 N leads to a deformation of abonini,.%o give an average
stiffness of 40 N/mm. The hysteresis of the structure is very small (about 3% of the full force range).

Figure 4. Force/Deformatiortharacterizatioof the pad, aftefive loadingunloading cycles.
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Moreover, we characterized theltage output of the eight photodiodes as a function of the applied
loading force. This characterization is necessary to make -#oamee correspondence between the
output voltages of the sensitive elements, and the force acting on the structure. réfisresd to
estimate the pressure distribution on the sensor and the total force, as described in Section 2.3
Figure5 shows an example output for the eight channels as a function of the applied loading force. It
can be seen that the input/output relatior all the channels is smooth, with no critical nonlinearities,
and a noramplified gain of about 3.3 mV/N. While the output of most of the channel is fairly linear,
we decided, for better accuracy, to fit the data withn@ée, third order spline intgolator (the fitting
was performed using MathworksE MATLABE, and th
(c) 2009, John EErrico). The electrical characterization and data fitting constitutes the model of the
sensor, and needs to be performed oarhedifferent pad, due to the variability of the light/voltage
characteristic among different photodiodes, and also due to differences in the material properties itself.
Therefore, we characterized each of the three sensors (see Section 3) used in gepavatkly. The
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goodness of fit is evaluated igure5 and Table 1whichreport the normalized RMSE and maximum
percentage error of the signals collected on the loadihgading cycles, compared to the fitted model.
These results show that, for given load, the voltage output of the sensitive elements is very
repeatable, and that the effect of the structural hysteresis on the output accuracy is low.

Figure 5. Voltage Outputforce behavior of the sensor. The fitted model is reported for
eachof the eight channels.

Fitted voltage output channel 1 Fitted voltage output channel 2
0 — 0
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Table 1. Normalizedroot mean square error of the signal, compared with the fitting, and
maximum percentage error (relative ke tfull scale range), of the eight channels for each
of thethree pads used in this study.

Normalized RMSE [V] | Maximum % Error [V]
Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6 Channel 7 Channel 8
Pad 11.1% 3.0% 1.1% 4.0% 0.9% 2.5% 0.9% 4.0% 0.8% 3.5% 0.9% 4.0% 1.0% 3.5% 1.0% 3.5%
Pad 2 1.0% 4.0% 1.0% 3.0% 1.0% 4.0% 0.8% 3.0% 0.7% 2.5% 1.2% 4.1% 0.7% 2.6% 0.8% 3.0%
Pad 32.1% 5.0% 2.1% 4.5% 1.5% 6.5% 1.1% 4.5% 1.3% 4.5% 1.2% 3.0% 1.0% 3.0% 0.8% 3.5%

2.3. Force and Pressure Distribution Estinoati

To estimate the force and pressure distribution acting on the sensor from the eight voltage outputs,
we implemented a simple estimation algorithm, which uses the model of sensor derived with the
characterization described in the previous section. Thaithm is based on tha@ssumptiorthat the
force and voltage of each of the eight sensitive elements is not correlated with that of the other
neighboring elements. This is a simplification: the deformation of one element depends on the
deformation of theneighboring elements because the silicone cover is a single structure. With this
method, it is necessary to characterize the sensor only once, under uniform loading condition. The
force estimation algorithm, however, does not make the hypothesis thavaitheis uniformly
distributed, rather, it can be used (with variable performances) under all loading conditions. The
algorithm works as follows:
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1. the signals are filtered and-0éset;

2. the eight voltages are used as input for the force/voltage modelsr(&ggtion 2.2), to extract
eight force values;

3. the eight resulting forces are averaged to determine the estimated force on the sensor;

4. (parallel to 3) the eight resulting forces are transformed in eight pressure distribution values
(dividing by the surfae of the pad).

Due to the assumption made by this algorithm, the accuracy and measurement noise of the sensc
depend on the loading condition, and need to be evaluated for each expected loading pattern. To givi
an example of the performances of the sensertested it under two different nonuniform loading
conditions. We developed two rigid indenters with a curve indentation face (two different
curvatures3 m *and5 m ‘were tested). We analyzed the performance of the sensors by applying
loads in the mage of 0 to 60 N, and by comparing the output of the force estimation algorithm with the
recording of a load cell. The experimental setup was the same used in the calibration phase,
as 5 loadingunloading cycles where performed at a constant speed of/tnmnfigure6 reports the
estimation results for the two conditions, with a sketch of the indenter used for the purpose. The blue
dots represent the estimation of the algorithm, and the red line a linear fitting of the estimates. It can be
seen that nomniform loads introduce two sources of error in the estimégdle 2 reports the
normalized and absolute RMSE of the measurements to evaluate measurement noise, as well as tt
systematic error of the sensor. The normalized RMSE was calculated comparasgirtteted force
with the loadcell force, and normalizing with the full scale force of 0The systematic error was
evaluated by linearly fitting the estimates of the pressure sensor, and by comparing the slope of the
fitted curve with the ideadteepness of 1 (which corresponds to a measure with no systematic error).
The maximum error introduced by this systematic effect on the measure is of about 2 N, which is well
below the measurement noise as evaluated by the RMSE (which can reach 5 N).

Figure 6. Force estimation results under nomiform loading conditionga) with a
curvature o8 m * (b) with acurvatureof 5 ni *
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Table 2. Normalized and absolut®RMSE of the estimated force, and systematic
measurement error compared with the loall force, for the three pads under the three
loading conditions.

Curvature 1 Curvature 2
Systematic % Error RMSE [N% (N)] Systematic % Error RMSE [N% (N)]
Pad 1 3.8% 7.2% (4.3) 3.4% 7.5% (4.5)
Pad 2 3.7% 2.7% (1.6) 3.3% 2.7% (1.6)
Pad 3 3.8% 7.8% (4.7) 3.4% 8.5% (5.1)

The conditions we tested certainly do not represent the load distribution that will act on the sensors
during normal operation. They prove however that the performances of the serm&pergent on the
load distribution, and that a calibration is necessary with the loading conditions expected when using
the sensor. For this reason, in the following Section we will perform a calibration of the sensor applied
to the exoskeleton, with fowlifferent subjects, to evaluate the measurement noise and accuracy in the
realworld application.

3. Sensing HumarRobot Interaction in Lower Limb Exoskeletons

This Section deals with the application of the distributed pressure sensor we developed to the actua
interactionmeasurement sensory apparatus. As stated before, the performance of the sensor depenc
on the loading condition. Therefore, the only way & the sensors in a reliable way is to apply the
apparatus to the exoskeleton, and calibrate the outputs of the sensors with a reliable interactior
measure, such as that of a-akes load cell. For this reason, we applied our system to the connection
cuff of a lowerlimb exoskeleton (Section 3.1), and tested it with static loads (Section 3.2), dynamic
loads (Section 3.3), and during a prototypical rehabilitation task (Section 4).

All the experiments were performed on four male healthy subjects (age 8a+8 weight 74 +3 kg,
height 174 +1 cm). The subjects we choose are clearly not representative of the population meant for
the rehabilitation protocols for which this exoskeleton is used. Howeuerpbjective was not to
replicate or represent a typic rehabilitation protocol and its population, but rather to test a
measurement system on a small pool of subjects. We selected subjects of similar build and size tc
reduce variations in the attachment points positions, and cuff size, and therefore dongpagable
calibration results (in terms of preloading and force fraction unloaded on the pads, see Section 3.2).

3.1. Materials and Methods

Our case study is the LOPES gait rehabilitation and assessment robot [9], shown in/@gure
LOPES is an &legeesof-freedom powered exoskeleton, which can assist the gait of the user with
three actuated degrees of freedom for each leg, two at the hip, and one at the knee, and with additionz
translational degrees of freedom to move (or fixate) the pelvis indimma and transverse planes.

The LOPES joints are powered by series elastic actug8fghat can be controlled either in torque
mode, or using a virtuahode impedance contrg®] which allows the definition of an attraction
trajectory, and a virtualpsing constantThe user is strapped and linked to the exoskeleton through
three attachment points for each leg: one on the upper leg, and two in the lower leg. AZ(Bjgame
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Figure 7(b) show, our sensory apparatus was applied to the right dlipgercuff . The cuffs used in

this robot are manufactured by Hocoma (Hocoma AG, Industriestrasse -86@HVolketswil,
Switzerland), and are made of a rigid carbon fiber frame directly connected to the robot link through a
steel bar, and of a flexible belt vahi can be fastened to the ldgigure 8(a) shows a sketch of a
transversal section of the cuff. The forces are transmitted by the robot to the connection cuff through
the steel bar, and then to the belt strapped around the user leg, which is suppdréedablyan fiber

frame. This cuff is also used in other exoskeletal robots, most notably the Lokomat [5] for which the

cuff has been originally designed. Similar solutions, consisting of a rigid frame and of a flexible belt,
are used in other lowéimb [4,13] and upper limb robots [10,12].

Figure 7. (a) The LOPES gait rehabilitation exoskeleton. The right leg upper cuff is
equipped with the sensory systgim. The LOPESexoskeleton during operation.
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Figure 8. (a) Transversal section of theensorized fastening belb) 3D sketch of the
sensor housingc) Experimental setup for the cuff used in the experiments.
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The solution proposed in this work, while being specific for this cuff, can be easily extended to similar
attachment systems. This configuration, sketchétignre8(a), consists in putting a number of sensitive
pads in between t he f lineosdertolhaise the Skilsena pads, ahdkeep thesne r
fixed on the belt, we designed a rigid plastic frame, shown in F&(bjewhose bulk is entirely oneh
outside part of the cuff. This way, only the silicone structure of the sensor is in contact with the limb, to
preserve the interaction comfort. This frame, which also houses the connector for the compound
signal/power cable, allows to easily increaséexrease the number of sensors distributed over the belt,
as well as to quickly change their position. As stated in Section 2, the width of the sensors (and,
consequently, the maximum number of pads which can fit in a single belt) was chosen to be 2lmm (w
an additional encumbrance due to the frame of 6 mm). This allows a good force measurement resolutior
along the belt (depending on the circumference of the leg, up to 10 to 12 sensors can fit on the cuff), anc
does not interfere significantly with thiexibility of the belt.

In all the experiments performed in this work, only the thigh connection cuff was sensorized, with
six sensitive elements, three in the front, and three in the back, as shown in8ggyuhe addition to
that, the cuff attachment point was sensorized usingage6 load cell (ATI Mini45, ATI Industrial
Automation, 1031 Goodworth Dr., Apex, NC 27539 USA) to provide a reliable measurement reference
to be used for calibration and validatioh the system. In this work, we acquired only the signals
relative to three pads, two in the front, and one in the rear of the cuff. These sensors are highlighted ir
Figure8(a).

3.2. Calibratior® Static Loading

A first calibration was performed to evalaathe precision and accuracy of the sensor with static
loads, with the sensor in contact with the user. This characterization was performed to verify the
effectiveness of the sensor during normal working conditions, which differ from the tests performed in
Section 2.2 because:

1 the sensor is loaded with a pressure distribution and deformation profile different from the
controlled loading conditions used in the sensor characterization;

T the sensor is in direct <cont adarshape and difierb e u
from one subject to another;

1 the position of the sensors determine how the interaction force distributes along the belt, and,
therefore, the fraction of interactive force which is unloaded on the pad. This changes among
different subgcts and sensors;

1 the sensor may move slightly during normal operation, and it is not known how much this will
affect the measurement.

The calibration was performed on each subject, with the right leg in the vertical resting position,
with the foot fixed ¢ the ground. The subjects were asked not to move, and incremental torque steps
ranging from 17T50 Nm to +50 Nm wdigue9.dlpepdsultiagd t o
interactive force transmitted to the thigh was measured using the load c#fle Aame time, the
pressure distribution and total force acting on each pad was estimated using the algorithm described ir
Section 2.3. All the data were acquired in static conditions, neglecting all transient effects.
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Figure 9. Hip torque steps performetiiring the characterization.
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By comparing the output of the load cell and the force acting on the sensor under static conditions,
we can evaluate for each sensor, and each user:

1 thefraction of interactive force unloaded on each pad. This factor islfiaed does not change
as long as the pad does not move on the belt: therefore, we expect a linear relation between the
total interactive force, and the measured force;

1 the preloading force, due to the fastening of the belt, that acts on the pads. This value
corresponds to the measured force when no interactive force is present.

The result of the calibration, which is shown in Figlit€a), as an example, for Subjectid the
compari®n of the total interactive force (measured by the load cell, on-#xés)xwith the force acting
on each pressure sensor (Skilsens forecaxig). Only compression forces (negative in our sign
convention) can be measured by our pressure sensor. Thefiitie@ is therefore split into two line
segments: one for negative values of the pressure sémrsadn(the working range of the sensor), and
one which represents the range in which the pad is unloaded (and its measured force is 0).

Three factors are highlighted by the static calibration. Pheloading acting on each pad
corresponds to the-iptercept of the fitted curve, which is the force on the pad when no interactive
force is applied. This value (and the corresponding presssirébdtion) is equivalent to the baseline
force caused by the fastening of the belt on the thigh. The slope of the curve repredesttidheof
interactive forceunloaded on each pressure sensor. This percentage value determines how the total
interactve force at the uppdimb is distributed among different areas of the cuff. Therefore, it
determines the pressure distribution along the length of the belt. Finally;akis xtercept of the
linear curve delimits theange of forces measured by the s@n For each subject the results of the
static calibration (along with error data) are shown in detdibinle 3.

In addition, static calibration can also give an idea on how pressure is distributed along the width of
the sensors during static loads.isT'is useful, for example, to evaluate the baseline pressure acting on
the thigh when no loads are applied by the exoskeleton, or to evaluate pressure distribution when peal
loads are transmitted=igure 10(b) shows, as an example, the pressure distributio the eight
elements of one of the sensors at zero interaction (upper plot) and peak interaction (lower plot).
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Figure 10. Static characterization resul{&) Force on the three pads, compared with the
force recorded by the load ce{b) Pressure disbution on the sensor at zero and peak
interaction. Channels are ordered from top (1) to bottom (8).
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Subject 1 Subject 2
Force % Preloading [N] RMSE [N] | Force % Preloading [N] RMSE [N]
Front pad 1 13.3 11.6 1.31 17.8 4.5 1.06
Front pad 2 11.2 10.1 0.89 104 16.6 2.47
Rearpad1l 10.74 17.7 2.05 7.5 7.8 1.68
Subject 3 Subject 4
Force % Preloading [N] RMSE [N] | Force % Preloading [N] RMSE [N]
Front pad 1 11.6 9.38 1.87 21.5 8.0 2.15
Front pad 2 7.9 18.3 2.83 12.7 7.5 1.78
Rear pad 1 17.3 13.0 0.84 14.8 5.0 1.05

3.3. Dynamic Loading

The same experimental setup of the static calibrati@s replicated on the four subjects to verify the
behavior of the sensors under dynamicallyying loading conditions. To apply a dynamic load on the

user, a torque chirp (frequency range30 Hz ,

tot al

time: 100 s,waampl i

commanded to the LOPES hip joint, while the subject stands with the foot fixed on the ground and is
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asked not to move. The frequency range was limited to 3 Hz due to torque control bandwidth limits of
the exoskeleton (which uses a series elastic actuatind)the offset was set to keep the interaction
force along the same direction.

The frequency range was chosen to apply strongly-#anging interaction forces at the limb, while
not being too demanding both for the user and the robot. Higher frequertsywmuld have been
strongly uncomfortable for the subjects, and also demanding for the structure and frame of the robot.
Compared to the static characterization, the main difference that we are investigating is the presence
and quantification of dynamidtanuation effects on the force measurement of the sensors.

Figure11 shows the interaction force recorded by the load cell, and by each of the three pads, during
the dynamic characterization. The measurements are shown, as an example, only for one subjec
(Subject 1), but results were equivalent on the other tests. It can be noted that, differently from the hip
torque, the hip interaction force measured by the load cell is not a perfect chirp. This is due to dynamic
effects induced by vibrations and snmalbvements of the robot and of the subject during the task.

Figure 11. Dynamic characterization results: Force acting on the three pads, compared
with the forcerecordedoy the load cell.
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3.4. Discussion on Static and Dynamic Characterization

The result of the calibration under static condition proves that the sensor can effectively be used to
monitor the useexoskeleton interactive force during normal operation. According to data reported in
Table 3 for all subjects, and all sensors, a comtsteaction of interactive force is unloaded on each
pad, ranging from I21% for the most loaded pads, 8% for the less loaded pads. This fraction
depends on the position of the sensor, as well as on the size of the thigh, so it changes across differe
sensors, and subjects. This linear relation allows estimating the total interactive force on the
attachment points, in the working range of the tactile seMoltiple pads estimates can thus give
redundancy, and therefore better accuracy, to the megmasnt of the resulting interaction, making it a
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viable substitute for a load cell. Moreover, this calibration allows to evaluate how the interaction is
distributed along the belt.

Furthermore, the calibration reveals the preloading factig on eachensor. This value was also
highly variable across subjects, since the preloading force depends on where and how tightly the cuffs
are fastened to the wusero6és thigh. Accordingly
among pads attachedttze same cuff. The preloading values range froirl& N for the most tightly
fastened cuffs, toi4 N for the most loosely fastened. Giving a measurement of the preloading force,
our sensor allows the therapist to fasten the cuffs in a repetitive ariddereiay.

Our pressure sensor is sensitive only to compression loads. The preloading force induced by the
fastening causes a pcempression of the pad. Therefore, depending on the direction of the interaction
applied by the exoskeleton, the pad will eitbercompressed or uncompressed. For this reason, each
pad is sensitive to interaction forces in both directions.

With the preloading forces and interactive torques applied in our experiments (comparable to those
applied during gait rehabilitation tasigy), it can be seen that full range saturation is never reached,
and that, depending on the subject, the pads can have a gtioechonal interactive force range.

The dispersion of the static characterization data for each pad compared to the lingardittbe
imputed to different reasons: the sensor noise; the errors due to the force estimation algorithm; anc
small movements of the pad with respect to the thigh during the execution of the task. Indeed this last
effect can also slightly change, localtiie preloading and the slope of the curve.

The sensor also allowsneto determine how pressure is distributed along the width of the belt
(corresponding to the length of the sensor). Figure 10(b) is an example of how pressure can be
distributed unevenlyot only along the length of the cuff, but also along its width. The sensor allows
to extract eight pressure distribution values. This eight measures can be used either directly to detec
the load distribution, or to extract a single value of interekg the total loading force [as in
Figure 10(a)], the average pressure, or the peak pressure (which is of particular interest when
evaluating comfort).

The dynamic characterization proves that the sensors do not suffer any significant effect during
dynamicloading conditions, at least in the range of loads which could be provided by the LOPES
exoskeleton. The results showedRigure 11 and Table 4 show that, as for the static condition, a
constant fraction of the interactive force is unloaded on each sensor. This fraction does not depend ol
the frequency components of the loading pressure, showing that no significant effect is introduced by
the dynanic loading condition.

Table 4. Fraction of the interaction force unloaded on each pad, and preloading force
acting on each sensor, for the four subjects during the dynamical tests.

Subject 1 Subject 2 Subject 3 Subject 4
Static Gain Attenuation Static Gain Attenuation Static Gain Attenuation Static Gain Attenuation
(Force %) at3 Hz[dB] (Force %) at3Hz[dB] (Force %) at3 Hz[dB] (Force %) at3 Hz [dB]
Front pad 1 15.2 10.1 204 10.1 17.8 10.1 17.9 10.1
Front pad 2 12.3 10.1 19.8 10.1 16.2 10.1 12.4 10.1
Rear pad 1 13.9 10.3 6.6 104 8.3 10.3 3.4 104
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These results show that our sensory apparatus can be effectively used to monitor human robo
interaction in a lower limb exoskeleton. In controlled conditions, it has been shown that a constant
fraction of interactive force unloads on each sensitive elentbath in static and dynamic loading
conditions. For this reason our sensory system can be used to evaluate the resultingohoiman
interaction force, providing a redundant and therefore highly reliable measurement. More than that, our
sensory systemlalws evaluating how the interactive forces are distributed over the contact area on the
user 6s | i mb. Compared to single point measure
evaluate the interaction comfort (in terms of local pressure ofinitg, and allows to quantify the
fastening force (by monitoring the preloading of each pad) on thdibé#his Section, we performed a
characterization of the sensory system by comparing the output of each tactile sensor with that of a
load cell. Simila results could have been obtained by comparing with a different interaction force
estimate, obtained through measurements of the interaction torque. For exampldyaseddhteraction
torque estimates, or direct measurements from a reliable torque,stult have been used.

In the prototype presented in this work, only a fraction of the contact area was covered with sensors.
This means that, while the sensors do not move along the belt [they are fixated as shown in
Figure 8(c)], it is certainly po#se that the relative position of the thigh and the sensors change due to
small slippages. This may happen if the belt is not correctly fastened on the thigh, or if the belt size is
too big compared with the circumference of the thigh. During our expetsmie fastening force was
sufficient to fixate the relative position of the belt and the thigh. This is proved by the fact that a
constant fraction of interactive force is unloaded on each sensor (Figure 10). If a sensor moves to &
different part of theuses thigh, a different fraction of force unloads on its surface. Therefore, the
calibration is invalidated, and an error is made when using the measure of the sensor to estimate th
total interaction force. In a final prototype of this sensory systam full interaction area will be
covered, and all the interaction will be unloaded on the sensors, thus eliminating this problem at
its root.

4. A Case Study: Walking in a Simulated Viscous Field

As a final assessment of our sensory apparatus, we present an analysis of the interaction pressut
distribution during a gait training task. In this experiment, a subject wearing the exoskeleton, with the
same sensorization described in the previous Sestivas asked to walk on a treadmill at a constant
speed of 4 km/h. Two different conditions were analyzed. In the first one, the exoskeleton was
controlled in zerdorque mode[29], where it operated as transparent as possible. In the second
condition a scous field of 10 Nm/rads 'was applied at the hip joint, to simulate a gait training task.
Each condition was kept for about 250 gait cycles (about 2.5 min).

Alongside the kinematic data, as before, we collected the pressure data of each sensas dlsavell
total interaction force measured by the load cell. All the recorded data was averaged over the gait
cycles, to give a clear picture of the general tendency of the interaction forces.

Figure 12 reports the results of the acquisition, the commeanxig representing the percentage of
the gait cycle. Figure 12(a) reports the average pressure and total force unloaded on each pac
Figure 12(b) shows an example of how pressure distribution varies during the gait cycle (frontal pad 2
is shown). The beginng of the cycle (0100%) corresponds to the foot impact on the ground. The
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stance phase ranges from 0 to aboi6b@o of the cycle, where the todf takes place. The remaining
part of the cycle (60L00%) corresponds to the leg swing phase.

Figure 1. (a) Force on the three pads compared with the measurement of the load cell,
during a walking taskb) Pressure distribution on one of the frontal pads

Stance Phase Swing Phase Stance Phase |]Swing Phase

/ ya f
Foot impact Toe off Foot impact

Table 5. Peak pressure and force on gaals, in the twaonditions shown in Figure 12.

Preloading Peak Pressure [kPa] Peak Force [N]
Pressure [kPa] Force [N] Transparent Viscous Transparent Viscous
Front pad 1 10.4 125 11.0 14.0 13.2 16.8
Front pad 2 13.4 16.1 16.1 23.6 19.3 23.5
Rear pad 1 15.2 18.2 26.6 29.5 32.0 35.4

Another interesting behavido be notedrelates to pressure over the rear pad during the gait.

Comparing the output of the load cellhich represents the overall irdetion force, with that of the

pads, it can be seen that, while the two frontal pads have the same tendency of the overall interactiot
force (negative, in theiB0% rangewith a surge at the beginning of the swing), tearrpad shows a
completely different behavior. In the central part of the stance phase0%0of the gait cyclen peak

in the local pressure on the rear part of the thigh is detected by the tactile sessoitar, smaller

surge can be seen even oa #econd frontal pad, in the opposite directibmese peakare probably

due to the cacontraction of the leg muscles during the stance phase, and to the consequent change ir
the shapeand sizeof the thigh.These peaksf local pressur&o not correspontb a decrease in the



