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Abstract: Human–robot interaction sensing is a compulsory feature in modern robotic systems where
direct contact or close collaboration is desired. Rehabilitation and assistive robotics are fields where
interaction forces are required for both safety and increased control performance of the device with
a more comfortable experience for the user. In order to provide an efficient interaction feedback
between the user and rehabilitation device, high performance sensing units are demanded. This work
introduces a novel design of a multi-axis force sensor dedicated for measuring pelvis interaction forces
in a rehabilitation exoskeleton device. The sensor is conceived such that it has different sensitivity
characteristics for the three axes of interest having also movable parts in order to allow free rotations
and limit crosstalk errors. Integrated sensor electronics make it easy to acquire and process data for a
real-time distributed system architecture. Two of the developed sensors are integrated and tested in a
complex gait rehabilitation device for safe and compliant control.
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1. Introduction

The initial meaning of robotic systems was to substitute humans and execute precise operations in
repetitive and complex industrial applications. Those robots were performing pick and place, welding,
painting, assembling, packing and other tasks for manufacturing. Position based control was sufficient
to accomplish most of assignments for industrial applications. Modern robotics have changed over
the last several years. With more versatile demands, the robots became more sophisticated. Equipped
with force, torque, vision, contact, light, sound and other cognitive sensors, they can learn about the
environment and perform a multitude of complex tasks [1–5]. While first robots had to work in strictly
enclosed environments, novel ones come to work in close proximity to humans in a collaborative
way [6,7]. This involves more severe safety aspects to be considered. One specific category of robotic
systems that has as a main concern close human–robot interaction is rehabilitation and assistive
robotics. Those devices are intended to augment human strength, improve the quality of life for elderly
and regain mobility for people with disorders due to diseases or accidents. The acknowledged need
for such devices makes it an important research goal with dozens of prototypes developed around the
globe. Even though the number of commercially available devices is limited, research results come to
prove that robotic assisted therapies are beneficial for both patients and therapists. The patient can
profit of immediate and more intensive treatment while the therapist is exempted to perform heavy
burden tasks.
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Human walking is a complex mechanism involving multiple Degrees of Freedom (DoF) difficult
to mimic by robotic systems. This is why many devices are focusing only to provide power for
the most obvious joints involved in human walking as hips, knees and ankles (flexion/extension)
trying to impose a straight, sagittal plane walking. The problem rises when the pelvis should be
left free, which is adding few more DoFs to the system, while a restricted pelvis will result in an
uncomfortable, unnatural and even dangerous walking. The role of sensors in these robotic applications
is of considerable importance in detecting interaction and contact forces [8–11]. Stiff control of angular
joint positions is not an acceptable option; instead, a method to assess the human–robot interaction
has to be provided [12–14], and must make sure that the system does not deliver excessive forces or
torques. These safety related issues are often solved by using force/torque sensing units [15], or in
addition to that, by using compliant actuators [16]. This work will focus on force/torque sensing
in robotic devices designed for lower body rehabilitation. These are exoskeleton systems, worn by
subjects with locomotion disorders, that impose repetitive gait pattern motions to human limbs so that
the neuromuscular system could relearn walking.

Nowadays, rehabilitation exoskeletons are developed focusing on different DoFs. AutoAmbulator
(HealthSouth, Birmingham, Alabama) is using DC actuated DoFs at the hip and knee joints, while
Lokomat [17], Lopes [18] and Alex [19] are adding to those a passive ankle to avoid foot drop, which
can cause injuries while training over treadmill walking. For an appropriate gait, pattern reconstruction
and more complex rehabilitation practice systems as ALTACRO [20], Lopes II [21], Alex III [22] and
Corbys [23] are implementing active ankle DoF.

Nevertheless, as shown in related research [24–26], an important role in normal gait is played
by the human pelvis, which performs three translational and three rotational motions while walking.
To keep the systems simple, but, at the same time, to provide an increased degree of comfort for the
user, many systems implement passive DoFs at the pelvis level. For instance, Lokomat is using passive
vertical movement but restricts horizontal translation, pelvic rotation and obliquity. Alex II is also
providing DoFs for the pelvis passively supporting the robotic legs. An observed common practice to
gain maximal comfort and natural gait patterns for the user is to combine passive and actuated joints
as in Lopes [18] and Corbys [23] but doing it in such a way that the controllability of the whole system
becomes more challenging. Solving the pelvis freedom problem using passive elements is obviously a
step forward but not sufficient for a fully controllable and unconstrained walking. This being one of
the reasons why newer designs of exoskeleton devices tend to implement as much as possible active
DoF for the pelvis movement. Actively actuating pelvis by imposing prerecorded trajectories is also
not a desired approach due to step variability and synchronization problems. This leads to more
complex designs capable of sensing human–robot interaction forces by using various force/torque
measurement and estimation methods. Lopes [18] for the two pelvis active DoF is using linear slider
potentiometers that measure the spring elongations in the Bowden cable driven series elastic actuator
system. A Corbys [23] rehabilitation robotic device is using a 6D force torque unit as a connection
interface between the orthoses and the mobile platform. A Pelvic Assist Manipulator (PAM), which
is a dedicated pelvis mechanism providing five DoFs with the two three-DoF pneumatic robots [27],
is using air pressure sensors on both sides of the pistons.

This paper contribution is to present the design and development of a 3-DoF force sensor,
designed to meet the specific, above-mentioned demands for actively assisted pelvic modules used in
rehabilitation exoskeletons. The sensor is built to match the ALTACRO, an experimental rehabilitation
device with a pelvis control mechanism and two leg orthoses. Counting in total 12 active DoFs,
ALTACRO is designed with a strong focus on compliant actuation [28], self sustaining body-weight
and balance assistance enhancing natural gait kinematics and dynamics. The developed sensor, located
between the orthoses and the body-weight support mechanism, has the role to provide human–robot
interaction feedback, appropriate for pelvis control made through the five available actuators.

The work is structured as following: in the second section of this paper, the authors define the
requirements that need to be achieved and describe in detail the hardware design of the sensor,
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explaining its work principles. Section 3 shows how the sensor is integrated and used in the
rehabilitation device ALTACRO, which controls the pelvis based on interaction information provided
by force sensors presented in this paper. Section 4 describes the parameter identification and
preliminary human–exoskeleton interaction experiments. Results and discussions are described
in Section 5, followed by the conclusions section.

2. Sensor Design

While walking, the human pelvis is performing six DoF movements (three translations and three
rotations), which are of relative low amplitudes being neglected in earlier robotic system designs;
however, the impact of these movements on overall walking patterns is considerably important. To
actuate the pelvis, ALTACRO is using one actuator for lateral, two for vertical and two for sagittal
translations. Because the actuators can control independently left and right sides of the body, combined
linear motions can also impose rotational movements. To measure the human–robot interaction in an
exoskeleton system, the sensor should fulfill specific criteria that are also imposed for described design:

• the sensor should read interaction simultaneously on multiple axes;
• has to be placed close to the interaction location to limit structural influences onto the readings;
• it should be small and lightweight not to add unnecessary mass and inertia to the system;
• it should be strong enough to deal with all interaction forces that go through it; and
• the sensor should have different loading characteristics for the three axes of interest.

According to the proposed design concept, we needed to attach the orthosis legs to the
support system using a cantilever beam that rotates ±10 degrees around its axis of symmetry for
adduction/abduction hip DoF. At the beam end, where it connects to the robotic pelvis, interaction
forces with humans have to be measured. Placing a compact 6-DoF commercial force/torque sensor
at that location was not possible, and placing it further from the pelvis would overload the bending
moment of the sensor and thus also saturate its force readings. The solution was to design a custom,
application specific, force sensor presented in Figure 1 with the structural concept shown in Figure 2.
The design concept is depicted in Figure 3 and the main parts of the sensor are presented in Figure 4.

Figure 1. The assembled 3D force sensor with the strain gauges glued to the structure.
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Figure 2. Force sensor structural concept.

Figure 3. The design consists of a sensor main frame connected to the robot structure via the three
fixation holes and supports the orthosis legs by the cantilever beams attached to the bearing support.
The bearing is mounted on the middle shaft, which is fixed to the main sensor frame by two fixation
bolts. The bearing allows for rotation of ±10 degrees required for hip adduction/abduction.

Bearing assembly 

Sensor  middle shaft Sensor main frame

Figure 4. Milled sensor mechanical parts prepared for assembly. Strain gauges are glued to the sensor
frame and to the sensor middle shaft.
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In the proposed structural concept (Figure 2), the sensor frame is connected to the main system
structure via points a, b and c. Exoskeleton orthosis is attached to the sensor via beams in points g, f on
one side and h, j on the opposite side of the bearing support block. In this design, instead of supporting
the bearing from outside, the inner rings are connected to the main frame using a very short shaft
fixed in points d and e. This leads to a smaller bearing diameter and a high bending stiffness of the
cantilever beam.

Another advantage of the design is that all of the forces are measured on the static part of
the sensor. The force signals are directly measured in the static frame as required. In contrast, the
implementation of a 6-DoF force/torque cell at the end of the cantilever beam would require the online
computation of the frame transformation. The approach with the sensing at the static side does not
lose any precision due to transformation, but more important is that the design of the multi-axis force
sensor can be optimized for anisotropic loads. In the application of an actuated pelvic support, the
loads in different orthogonal direction are very distinct. The required load range supported by the
sensor, as well as the requirements for sensitivity, are anisotropic. To comply with these, the sensor has
to be strong and sensitive for both supporting the heavy weight loads of the human and exoskeleton
structure and measure precisely rather small interaction forces that appear in the transverse plane
(i.e., weight shifting, balance recovery).

All forces measured by the sensor are exerted via the bearing support block, and its center, noted
with o, is considered as the origin for the force distribution. The force x, which is parallel to the sagital
plane (anterior/posterior displacements) is defined by the strain due to bending at the locations m and
n, (x’). In addition, y forces are measured here due to strains (y’) resulted from left/right medio-lateral
displacements. The shear strain in point p, (z’) is used to measure the vertical force z (direction of
weight, up/down displacements).

The maximum load rating of the multi-axis force sensor is set to 2000 N for the z-axis, able to
support the full body weight of the user and 300 N for the x-axis and y-axis, sufficient to support
the lateral and sagittal posture of the pelvis. The design requirements for sensitivity is chosen as 1 N
for the x-axis and y-axis to obtain a high transparency of the robot in balancing movements of the
pelvis while 5 N are desired for the z-axis to obtain a responsive controlled body-weight support.
Considering unequal axes loading and sensitivity parameters, a key aspect in the design is to strongly
avoid crosstalk induced by the high z-load into the sensitive x and y measurements.

2.1. Mechanical Design

To measure forces in the structure designed sensor uses strain gauges. These are electrical resistors
that can be bounded on a deformable structure and vary their resistance according to the mechanical
strain of the structure. Strain gauges have been chosen mainly for their availability, ease of use and
positive experience working with them in other related research projects. Compared, for instance, with
piezoelectric sensors, strain gauges achieve better stability for long-term measurements, as well as
improved linearity. The disadvantage of the resistive type gauges is the sensitivity to temperature
variations, which is solved in this case by building the sensor using full bridge configuration. Capacitive
sensors could be another option to consider while those can provide in some cases better performance,
but, due to the shelf products not being compatible with the proposed requirements, this solution
was not selected. Due to very small strains that can be measured, semiconductor strain gauges were
not considered.

2.1.1. Z-Axis Design

The z-axis acting forces are measured using shear strain gauges applied to the sensor middle
shaft, and these are of 062TV type from Micro-Measurements (Wendell, NC, USA). The structure of
the middle shaft is kept as short as possible to minimize its bending deformation, and its structure
and loading are symmetric such that the shear force equals half of the z-force. Currently, only one side
of the shaft is populated with the strain gauges but if a higher resolution is required, it is possible to
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also add strain gauges to the other side. Double sensitivity is obtained if corresponding strain gauges
of both sides are wired in series such that a single full bridge is created. The shear measurements
on the z-axis are not sensitive to the x- and y-forces. These impose a longitudinal and a bending
deformation of the middle shaft, which the shear strain gauge ideally does not register. The shear
strain gauges are also placed symmetrically (back-to-back) in a full Wheatstone bridge. If bending due
to y-forces occurs, the eventual effect in the shear strain gauges on both sides will cancel each other
out. The middle shaft is shaped such that its load capability complies with the high force requirement
in the z-direction, while the strain at the sensing region is optimized for a good sensitivity. The thin
rectangular cross-sectional shape maximizes shear deformation, while the bending deformation is kept
to a minimum according to the magnitude of anisotropic load.

2.1.2. X- and Y-Axis Design

The x- and y-force sensing have a bending beam structure. The square bars in the rigid structure
will deform in a S-shape, in the yz-plane as well as in the xz-plane. For a better sensitivity, the strain is
measured where the bars have the highest deformation. The sensing Wheatstone bridges are made of
simple linear strain gauges of the type 125 BZ from Micro-Measurements. These are symmetrically
placed to measure bending strain with all gauges adding equally to the sensitivity. The x- and y-force
sensing are designed to be very insensitive to the high z-loads that extend or compress the bars in their
axial direction, implying only a limited effect of x- and y-strain, canceled also due to the configuration
of the strain gauges in the sensor.

2.2. Data Acquisition Electronics

Before sensor analog signals become understandable to the digital controllers, these have to pass
through multiple electronic circuit blocks as for amplification, filtering, and digital conversion.

For a reliable data conversion, many factors should be considered and the electronics have to be
designed with special care.

In order to acquire data from the developed sensor, a dedicated electronic module was
built. It consists of signal conditioning circuitry with two Precision Dual-Channel Rail-to-Rail
instrumentation amplifiers, filters and an on-board Analog to Digital Converter (ADC) Integrated
Circuit (IC), as presented in the block diagram of Figure 5.

Figure 5. Simplified block diagram of the integrated electronics module with S0, S1 and S2 strain
gauges Wheatstone bridges powered by the Buffer Amplifier. Instrumentation amplifiers IA0, IA1 and
IA3 provide signals through a filter block to the Analog to Digital Conversion channels CH1, CH2
and CH3. The digital signal can be accessed by the application microcontroller using Serial Peripheral
Interface (SPI) communication.



Sensors 2017, 17, 1294 7 of 13

Low DC excitation voltage was chosen for simplicity, low cost and also to avoid measurement
errors resulting from self-heating effects of the current flow in strain gauges. In addition, to avoid
significant measurement errors due to long lead-wire resistance, the developed electronic module was
attached to the sensor’s frame as close as possible. To provide the sensor with power, the ADC IC
on-chip reference voltage of 4.096 V and a buffer amplifier (BA) are used. The signals from the three
Wheatstone bridges S0, S1 and S2 are passed, respectively, to the instrumentation amplifiers A0, A1
and A2. The amplification gains of the on-board instrumentation amplifiers can be set individually for
each sensor axis using a precision resistor. According to the amplifier IC specification, a maximum
gain of 1000 is possible, which is more than sufficient for the proposed application. Before the
signals are linked to the 4-channel ADC circuit, they are passed through a low pass filter. The 16-bit
resolution ADC IC converts the sensors analog to digital signals with a maximum sample rate of
114 ksps; then, preprocessed data is transmitted by an SPI communication bus to the application node
microcontroller (µC), where it is processed into the force value. Considering the high ADC sample
rate and the 1 kHz real-time control loop on the application microcontroller, it is possible to acquire
additional samples and average them to remove the effect of transition noise on conversion results.

3. System Integration

The ALTACRO system, presented in Figure 6, has three main structural assemblies. Two slim and
light-weight orthoses structures with sliding mechanisms to adapt the exoskeleton size closely to the
patient’s legs. The integrated six smart compliant actuators are capable of providing assistive torques
for hip, knee and ankle flexion/extension to a human while walking over a treadmill.

Figure 6. The ALTACRO robot with the orthoses strapped to the person’s legs for over
treadmill walking.

The third part is represented by the support system, which contains five actuated degrees of
freedom acting on both exoskeleton legs at the pelvis height level. This sturdy structure can provide full
body weight support while also assisting actively in a functional gait pattern using a compliant control
algorithm based on feedback from the three-axis force sensors described in this work. The support
structure can actuate the lateral and the vertical translation of the pelvis, the internal/external pelvic
rotation (rotation in the transverse plane) and pelvic obliquity (rotation in the frontal plane). Two more
actuated degrees of freedom are the ad/abduction (rotation in the frontal plane) of the hip for both legs.
Currently, the system is operational with ad/abduction rotating freely. A schematic representation of
the pelvis support system architecture is presented in Figure 7.
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Figure 7. Block diagram of the integrated hardware to control pelvis movements. Two force sensors are
installed for the left and right hip sides. In addition, y- and z-translation motions are made using sliding
mechanisms driven by ball screws, while x translation motions are made using slider-crank mechanisms.
The five actuators are controlled by individual low level control modules that communicate in real time
over the FlexRay network bus.

In order to use the sensors for implementing pelvis control algorithms, these have to be integrated
in the real-time architecture of the distributed communication and control hardware system. For this
purpose, the conditioning electronics of the sensor are connected through the SPI port to the real-time
gateways, which communicate over FlexRay protocol to the rest of the system [29]. For platform
control and safety reasons, each actuated axis of the support system is equipped with a position sensor.
High resolution linear position encoders are used for the vertical motions and for the other pelvis
translations, which are obtained from rotational motions, are used incrementally optical in parallel
with absolute magnetic encoders. The data from all of the sensors are centralized and processed by the
main computing unit that controls the entire system.

4. Experiments

4.1. Calibration and Parameter Identification

The sensor structure and strain gauges bridges were conceived such that crosstalk effects should be
minimal. In practice, the multiple axis sensors always have to deal with the undesired crosstalk effects
after fabrication. To define sensor parameters, a series of experiments were performed. The reading
electronics of the sensor was separately checked for correct operation using a Strain Indicator Calibrator
Vishay Model 1550 A (Wendell, NC, USA). It is a true Wheatstone bridge circuitry able to simulate
quarter, half and full bridges for both 120 Ω and 350 Ω gauges with an accuracy of 0.025%. With this
experimental setup, we were able to define the Noise, Sensitivity, Gain, Linearity and Full Scale
Measurement Range of the amplifier. The parametrized electronic module was connected to the sensor
and further experiments were performed using an Instron 5900 test bench (Darmstadt, Germany) for
loading the sensor. In order to see how the z-axis load is influencing the x and y-axis measurements,
the sensor was installed vertically in the setup using the three fixation holes on one side, and the
bearing support holes where the exoskeleton cantilever beams are fixed, on the other side. The sensor
was loaded with a force following a sinewave profile with the maximum amplitude of 500 N and
0.05 Hz. To compensate for crosstalk errors, sensor compliance matrices were defined. While a multiple
axis load test bench was not available, each sensor was tested using a number of static loads applied
independently to the x-, y- and z-axes.
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4.2. Free Walking

Another set of experiments was performed after the sensor parameters were identified, and it
was integrated into the ALTACRO system. In order to remove the undesired weight applied to the
sensor, robotic orthoses have been dismounted, so a human strapped into the system was able to walk
over the treadmill with his/her legs free, as in Figure 8. In this experiment, sensor output data was
used to measure human–robot interaction at the pelvis level while walking, and use it as feedback for
the admittance control loop of the back platform.

Figure 8. Human pelvis attached to the ALTACRO system from which the leg orthoses have been removed.

5. Results and Discussion

The results of the first experiment, described in Section 4.1, are shown in Figure 9a, which
represents the loading profile of the Instron device and the sensor response. In Figure 9b, the correlation
between the applied force and the measured values from the three axes of the sensor are presented.
One can see that the z output has a linear correlation to Instron load with only a small error between
the two and that x and y are influenced within a negligible range, at least for this force scale. However,
the forces that have to be measured on x- and y-axes are much smaller, thus a closer look at the data is
taken in Figure 10a,b. It is seen that the crosstalk of approximately 1.5 N on the x-axis and of 0.3 N
on the y-axis are induced by the z-load of 500 N. Furthermore, in Figure 10a,b, it can be seen that, by
applying the crosstalk matrix to the sensor force data, a considerable improvement is obtained with
errors below 0.2%. Other functional sensor properties are defined in Table 1.

Table 1. Identified sensor properties for the x-, y- and z-axes.

Property X Y Z Units

Full Scale Measurement Range 60 60 2000 N
Maximum load 300 300 2000 N

Sensitivity 18.38 22.32 1.6 mV/N
Resolution 0.05 0.05 0.5 N
Linearity 0.2 0.28 6 N

Hysteresis - - 0.4 %

The free walking experiment, described in Section 4.2, was performed to prove that the developed
force sensor can be used in a rehabilitation device to estimate human-robot interaction forces. The data
in Figure 11 represents x, y and z interaction forces between the user and the robot pelvis modules,
while the human walks with the ALTACRO system on the treadmill with a speed of 1.5 km/h.
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(a) z-axis load profile and sensor response.
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Figure 9. Force sensor tested with an Instron test bench applying a sinusoidal load profile of 500 N
amplitude and 0.05 Hz to the sensor’s z-axis (the experiment described in Section 4.1).
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Figure 10. Force sensor response data with and without crosstalk compensation for x- and y-axes when
sinusoidal 500 N load is applied to the z-axis (the experiment described in Section 4.1).
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Figure 11. Raw sensor data of the human–robot interaction while human walks with an admittance
controlled ALTACRO system on the treadmill with a speed of 1.5 km/h (the experiment described in
Section 4.2).

In this setup, the robotic exoskeleton system is admittance controlled implementing a virtual
spring with a stiffness of 1000 N/m between the human body and robotic system. Therefore, the whole
behavior of the robot relies primarily on the force feedback quality, which comes from the sensors
presented in this article. Acquired data shows that the sensor is very sensitive. It is detecting small
interaction forces that are created due to small vibrations in mechanical transmission gearboxes and
ball screw mechanisms, but those can be eliminated in hardware and software by applying filtering.
Considering that, for this experiment, a healthy subject was walking on the treadmill and the system
had to follow the human, interaction forces are relatively small. It can be expected that, by the moment
when body weight support and balance will have to be provided, those forces will be considerably
higher. Testing sensor behavior in real rehabilitation conditions is an objective for future work, this
paper being more focused on presenting sensor design and preliminary experiments.

6. Conclusions

The sensor design requirements were successfully accomplished, and the sensor was tested,
mounted in the mechanical structure of the robotic rehabilitation device, connected to the real-time
network and evaluated on a real scenario, achieving satisfactory results. It does not add to the system
unnecessary mass and inertia the sensor being small (80 × 96 mm) and lightweight (340 g). It is
integrated in very close proximity to the attachment point with the human pelvis and does detect
interaction forces on three axes simultaneously with a good sensitivity. By design, it was possible
to obtain different loading characteristics required for weight shifting, balance recovery and gravity
compensation forces. The unique qualities of the sensors allows for exploring a whole new set of
control strategies that allow the system to act as an active body weight support for patients with
sufficient trunk stability. The development of this sensor fulfills the specific requirements for active
pelvic modules, which are becoming a trend in modern rehabilitation robotics.

Acknowledgments: This work is supported by the European Commission’s project Cognitive Control Framework
for Robotic Systems (CORBYS) and by the Fonds Wetenschappelijk Onderzoek (FWO) grant (No. G026214N).

Author Contributions: V.G. C.R.-G. S.G. D.L. and B.V. conceived and designed the experiments. V.G. developed
the technology and the experimental setup. V.G. wrote the main body of the article. V.G. C.R.-G. and S.G.
contributed to the design and layout of the article, tables, additions to bibliography, and extensive revisions. D.L.
and B.V. helped getting the funding for the project that financed this research.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2017, 17, 1294 12 of 13

References

1. Zhao, Y.; Zhao, Y.; Liang, S.; Zhou, G. A High Performance Sensor for Triaxial Cutting Force Measurement
in Turning. Sensors 2015, 15, 7969–7984.

2. Liang, Q.; Zhang, D.; Ge, Y.; Song, Q. A Novel Miniature Four-Dimensional Force/Torque Sensor With
Overload Protection Mechanism. IEEE Sens. J. 2009, 9, 1741–1747.

3. Kim, G.-S.; Shin, H.-J.; Yoon, J. Development of 6-axis force / moment sensor for a humanoid robot’s
intelligent foot. Sens. Actuators A Phys. 2008, 141, 276–281.

4. Tibrewala, A.; Hofmann, N.; Phataralaoha, A.; Jäger, G.; Büttgenbach, S. Development of 3D force sensors
for nanopositioning and nanomeasuring machine. Sensors 2009, 9, 3228–3239.

5. Garcia, J.; Robertsson, A. Force and acceleration sensor fusion for compliant robot motion control.
In Proceedings of the 2005 IEEE International Conference on Robotics and Automation, 2005 (ICRA 2005),
Barcelona, Spain, 18–22 April 2005.

6. Flacco, F.; Luca, A.D.; Sardellitti, I.; Tsagarakis, N.G. On-line estimation of variable stiffness in flexible robot
joints. Int. J. Robot. Res. 2012, 31, 1556–1577.

7. Garcia, G.J.; Corrales, J.A.; Pomares, J.; Torres, F. Survey of visual and force/tactile control of robots for
physical interaction in Spain. Sensors 2009, 9, 9689–9733.

8. Tao, L.; Yoshio, I.; Kyoko, S. 3D force sensor designed using pressure sensitive electric conductive rubber.
In Proceedings of the 2008 IEEE International Conference on Robotics, Automation and Mechatronics, RAM
2008, Chengdu, China, 21–24 September 2008; pp. 166–170.

9. Chao, L.P.; Yin, C.Y. The six-component force sensor for measuring the loading of the feet in locomotion.
Mater. Des. 1999, 20, 237–244.

10. Tao, W.; Liu, T.; Zheng, R.; Feng, H. Gait analysis using wearable sensors. Sensors 2012, 12, 2255–2283.
11. Hwang, B.; Jeon, D. A Method to Accurately Estimate the Muscular Torques of Human Wearing Exoskeletons

by Torque Sensors. Sensors 2015, 15, 8337–8357.
12. Del-Ama, A.J.; Moreno, J.C.; Gil-Agudo, Á.; De-los Reyes, A.; Pons, J.L. Online Assessment of Human-Robot

Interaction for Hybrid Control of Walking. Sensors 2011, 12, 215–225.
13. González-Villanueva, L.; Cagnoni, S.; Ascari, L. Design of a wearable sensing system for human motion

monitoring in physical rehabilitation. Sensors 2013, 13, 7735–7755.
14. Zheng, E.; Chen, B.; Wei, K.; Wang, Q. Lower limb wearable capacitive sensing and its applications to

recognizing human gaits. Sensors 2013, 13, 13334–13355.
15. Donati, M.; Vitiello, N.; de Rossi, S.M.M.; Lenzi, T.; Crea, S.; Persichetti, A.; Giovacchini, F.; Koopman, B.;

Podobnik, J.; Munih, M.; et al. A flexible sensor technology for the distributed measurement of interaction
pressure. Sensors 2013, 13, 1021–1045.

16. Grioli, G.; Wolf, S.; Garabini, M.; Catalano, M.; Burdet, E.; Caldwell, D.; Carloni, R.; Friedl, W.;
Grebenstein, M.; Laffranchi, M.; et al. Variable stiffness actuators: The user’s point of view. Int. J.
Robot. Res. 2015, 34, 727–743.

17. Riener, R.; Lünenburger, L.; Maier, I.; Colombo, G.; Dietz, V. Locomotor Training in Subjects with
Sensori-Motor Deficits: An Overview of the Robotic Gait Orthosis Lokomat. J. Healthcare Eng. 2010, 1,
197–216.

18. Veneman, J.; Kruidhof, R.; Hekman, E.; Ekkelenkamp, R.; Asseldonk, E.V.; van der Kooij, H. Design and
Evaluation of the LOPES Exoskeleton Robot for Interactive Gait Rehabilitation. IEEE Int. Trans. Neural Syst.
Rehabil. Eng. 2007, 15, 379–386.

19. Banala, S.K.; Kim, S.H.; Agrawal, S.K.; Scholz, J.P. Robot assisted gait training with active leg exoskeleton
(ALEX). In Proceedings of the 2nd IEEE RAS and EMBS International Conference on Biomedical Robotics
and Biomechatronics, 2008 (BioRob 2008), Scottsdale, AZ, USA, 19–22 October 2008; Volume 17, pp. 653–658.

20. Grosu, V.; Brackx, B.; Ham, R.V. Electronic hardware architecture of step rehabilitation robot ALTACRO.
In Proceedings of the 9th National Congress on Theoretical and Applied Mechanics, Brussels, Belgium,
9–10 May 2012.

21. Meuleman, J.; van Asseldonk, E.; van Oort, G.; Rietman, J.; van der Kooij, H. LOPES II—Design and
Evaluation of an Admittance Controlled Gait Training Robot with Shadow-Leg Approach. IEEE Trans.
Neural Syst. Rehabil. Eng. 2016, 24, 352–363.



Sensors 2017, 17, 1294 13 of 13

22. Zanotto, D.; Stegall, P.; Agrawal, S. ALEX III: A novel robotic platform with 12 DOFs for human gait training.
In Proceedings of the IEEE International Conference on Robotics and Automation, Karlsruhe, Germany,
6–10 May 2013; pp. 3914–3919.

23. Guerrero, C.R.; Grosu, V.; Grosu, S.; Leu, A.; Ristic-durrant, D.; Vanderboght, B.; Lefeber, D. Torque Control
of a Push-Pull Cable Driven Powered Orthosis for the CORBYS Platform. In Proceedings of the 2015 IEEE
International Conference on Rehabilitation Robotics (ICORR 2015), Singapore, 11–14 August 2015; pp. 25–30.

24. Swinnen, E.; Duerinck, S.; Baeyens, J.P.; Meeusen, R.; Kerckhofs, E. Effectiveness of robot-assisted gait
training in persons with spinal cord injury: A systematic review. J. Rehabil. Med. 2010, 42, 520–526.

25. Van Geffen, P.; Koopman, H.; Reenalda, J.; Veltink, P. Effects of Actuated Pelvis Control on Shear and
Pressure Distribution. J. Biomech. 2007, 40, S392.

26. Pietrusinski, M.; Cajigas, I.; Mizikacioglu, Y.; Goldsmith, M.; Bonato, P.; Mavroidis, C. Gait rehabilitation
therapy using robot generated force fields applied at the pelvis. In Proceedings of the 2010 IEEE Haptics
Symposium, Waltham, MA, USA, 25–26 March 2010; pp. 401–407.

27. Ichinose, W.; Reinkensmeyer, D.; Aoyagi, D.; Lin, J.; Ngai, K.; Edgerton, V.; Harkema, S.; Bobrow, J. A robotic
device for measuring and controlling pelvic motion during locomotor rehabilitation. In Proceedings of the
25th Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Cancun,
Mexico, 17–21 September 2003; pp. 1690–1693.

28. Grosu, V.; Rodriguez Guerrero, C.; Grosu, S.; Vanderborght, B.; Lefeber, D. Design of smart modular variable
stiffness actuators for robotic assistive devices. IEEE/ASME Trans. Mechatron. 2017, PP, 1.

29. Grosu, V.; Rodriguez Guerrero, C.; Brackx, B. Instrumenting Complex Exoskeletons for Improved
Human-Robot Interaction. IEEE Instrum. Meas. Mag. 2015, 18, 5–10.

c© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Sensor Design
	Mechanical Design
	Z-Axis Design
	X- and Y-Axis Design

	Data Acquisition Electronics

	System Integration
	Experiments
	Calibration and Parameter Identification
	Free Walking

	Results and Discussion
	Conclusions

