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every step should be 500 mm, after being multiplied by the corrective coefficient obtained
earlier, this value is shown in Figure. 4.15d. Finally, speed is obtained from the product

of the estimated amplitude and the cadence, in Figure. 4.15e.

Moreover, tests in which the pace of the gait is changed during the experiments have
been done. The cadence is changed from 1 step/sec to 0,5 step/sec and it is shown that

the estimated cadence changes as desired, as observable in Figure.4.16c.
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FIGURE 4.16: Results of test done with 1 step/sec walking speed for the first sec-

tion, approximately 15 seconds, and with 0.5 step/sec for the following 25 seconds.(a)

Distance from the LRF of the legs, the right one in red and the left one in blue, (b)

Difference in between the position of the two legs, (¢) cadence estimated by the algo-

rithm WFLC (d) Amplitude estimated by the algorithm FLC (with the CC); (e) speed
of the amplitude of the product obtained by the cadence estimated.

As can be seen in Figure. 4.17(a) and Figure. 4.18(a), the amplitude error is almost
constant for different user’s speeds and groups of users divided by size, this is mainly
due to the fact that tape marks the ground at every step. Taller people have a higher
percentage of error in getting a good cadence and speed, while people of small and
medium size have very similar error, as visible in Figure. 4.17(a) and Figure. 4.17(b).
This could be due to the chosen step length proposed for the experiments, which is 500

mm and is probably not long enough for a tall person to walk comfortably.

Furthermore, it is observed in Figure. 4.18(a) and Figure. 4.18(b), that when performing
the low-speed walking test one is more likely to make a larger error in percentage for
cadence and speed estimation. This can be caused by the too low imposed speed (250
mm/s). Note that users without locomotion-related pathologies are not used to walk at

such a low speed.
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FIGURE 4.17: (A) Mean square error of velocity and amplitude tested by dividing users

into three categories on the basis of their height, in blue, green and red, respectively,

users short, medium and tall. (B) Mean square error of cadence of the three groups of
users, short , medium and tall. The red lines are the standard deviations.
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FIGURE 4.18: (A) Mean square error for velocity and amplitude dividing the tests into

two categories on the basis of the desired speed, blue and red, respectively, the tests

performed with 250 mm /s and 500 mm / s. (B) Mean square error of cadence for the
two groups of tests with different speeds. The red lines are the standard deviations.
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It is noteworthy that the measured errors are not only due to approximation of the pro-
posed algorithm, but also inaccuracies in the realization of walking gait to the indicated
cadence, done with the use of a metronome and positioning errors of the feet on the

ground marks.

4.3.4 Conclusions

Summing up the presented work, it is obtained a system able to detect human’s inten-
tions, as a matter of walking direction and speed and actuate the walker to provide a
stable support in a comfortable position for the user. In Figure. 4.19 it’s presented the

general scheme of how the system works.

This control strategy is an innovation compared to [61] because it has been developed
considering the parameters of the walker as continuous signals and not averaged at every
gait cycle, moreover, it is completed with an innovative adaptive method to estimate the
linear velocity. These modifications made the control more natural and able to respond

to user’s attitude variations during the step.

In blue are characterized the data coming from the user, in this case the IMU placed on
the human pelvis, from which are used two parameters: the human angular velocity wy,
and the human orientation 1, . These two parameter come directly from the gyroscope
of the IMU, which outputs the angular velocity directly and through the extraction
algorithm, explained in paragraph 4.2.2; the Yaw angle.

In red are presented data from the walker, the on-board IMU from which we extract
just the robot orientation 1, and angular velocity w, and the LRF-based legs detection
algorithm from which we exploit the human relative orientation 6 and distance d as

explained in paragraph 4.2.1.

In green the detected parameters are presented, the ¢ angle obtained with eq. 4.8 and
the human linear velocity obtained with the adaptive algorithms, explained in paragraph
4.3.2.

These parameters are input of the control strategy, in black, and generate the desired
linear and angular speed, as explained in equations 4.3 and 4.4. Finally by means of
the low level PID control, in orange, are obtained the input commands to the Right and

Left motors, wr and wry,.
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FIGURE 4.19: Scheme of the multimodal fusion of sensors on human: IMU and on
Walker: IMU and LRF.

From sensors to actuators.



Chapter 5

Control Strategy based on IMU
and LRF on inclined ground

The main objective of this research is to develop a control strategy that makes the
assisted gait on slope as natural as possible, taking into account the optimization of
user’s comfort and safety. Indeed, the target is to modify the control strategy when the

human-robot system runs on slopes.

In order to make the UFES smart walker able to face inclinations we have taken into
account the ideas developed by other researchers in previous works, as shown in the

relative State of the Art in chapter 3.

The goal pursued was to obtain an innovative compensation strategy with respect to the
ones already introduced in chapter 3, not focusing on the control strategy but on the
analysis of human-robot interaction on slope. The strategy has its base on the definition
of a complete analysis of the kinematic interaction of human and robot on slope, so to

make the control better apply to the actual physics of the problem.

Finally, the novel model of human-walker interaction on slopes was integrated into the
conventional closed control loop as a supervisor block. This block modifies the control
targets, depending on inclinations, in order to provide an adaptable human-walker de-
sired relative position improving comfort and safety and enhancing user’s confidence in

the walker.

54
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5.1 PIVOT Model

With the use of video and recorded data from IMUs and LRF many aspects about
assisted gait on slope have been observed. The main concept is that the human-robot
interaction present with this kind of walkers on slope is very complex, because the user
has to be free to move as he/she wishes and the walker has to achieve its goal, without
limiting user intentions and never receiving direct inputs from him/her, such as the
ones given through a joystick or a touchscreen. It is a matter of interpreting human

movements and reacting consequently.

As explained in Chapter 4 the walker control strategy is based on two targets:

e Keep a constant distance between human and laser source mounted on the walker,

e Keep the parameter ¢ in 0, obtained from Equation.4.8.

The target of the controller have been modified for the presence of inclinations without
introducing new parameters. This strategy resulted very flexible and rapid to implement
in order to control the walker on slopes. The nature of the control still remained the

same, for this reason the stability of the control is assured.

Human robot interaction on slope can be modeled as two bars, one representing the
user and the other one the walker; the two bars are linked with a pivot fixed with the
walker-bar at handlebar height. Moreover, the same model is taken into consideration

to describe the user-walker system reaction to inclination in both pitch and roll angles.

In Figure. 5.1 and Figure. 5.2 two schemes of the human-robot interaction represented

by the two axis and the pivot are presented, respectively in the pitch and roll inclination.

This model allows to analyze some very important features of human natural and con-
trolled motion on slopes. Point P is the Pivot point, b and a are geometrical dimensions

of the walker explained below. « is the pitch angle and ~y is the roll angle of the walker.

First, it is intended that the user autonomously and rapidly compensates the presence
of inclination bending its lower body, mostly with his ankle, in smaller part with knees
and last with his back. In order to develop an easy-to-use model, we have approximated
this attitude as if the compensation in presence of inclination was completely done by
the ankle joint. This consideration let us assume that we can trace an always vertical
line, representing the user’s axis, that passes through point P at waist height on human
body. The blue axis in Figure. 5.1 and 5.2 represents the always globally vertical axis

of the user.



Chapter 5. Control Strategy

56

FIGURE 5.1: Scheme of the pivot model in the case of Roll inclination. In red the
walker axis and in blue the User axis. With a close-up on the pivot.

FIGURE 5.2: Scheme of the pivot model in the case of Pitch inclination. In red the
walker axis and in blue the User axis.



Chapter 5. Control Strategy 57

Second, we simply assume that the walker always remains perpendicular to the soil, due
to the good grip of the wheels and the limited velocity that doesn’t permit any other
orientation, consequent to phenomenon such as slipping For this reason we are able to
draw a line, representing the walker’s axis, always perpendicular to the soil, that passes
through the handlebar and the on-board LRF, the red axis in Figure. 5.1 and 5.2.

In the next paragraph Figure. 5.1 and 5.2 will be deeply analyzed, referring to the

indicated parameters.

The pivot is chosen to be the link between user and walker because it allows two desired

movements:

e Rotation of the human axis, in order to remain always vertical, even if the walker
rotates. This movement corresponds to the rotation done by the upper limbs,

using a combination of muscles and joints.

e Shifting of the human axis in vertical direction, in order to have it’s lower end
always in contact with the soil. This corresponds to the fact that feet remain

always on the floor. This compensation is also done by the upper limb.

Based on the video analysis resumed in Figure. 5.3, it appears a reasonable approxima-
tion to consider the waist height pivot point P as a point solidly fixed to the walker
through the segment a for a kinematic analysis, even while on inclined planes. The
length of the segment a, shown in Figure. 5.2 and 5.3 is supposed to be equal to the
deost segment, set to 500mm. The ag segment is the forearm support and is 330mm
long; a; is considered to be equal to 170mm and it’s the distance between the end of

the forearm support and the pivot point P.

Data analysis done on one person 175¢m tall are here presented to support the hypothesis
done on forearm length a;. The ratio 92 i1 the 3 figures from left to right is: 1.9396
, 1.9677 , 1.9739. Obtaining an awelrabge1 of 1.9604. This value confirms the accurate
estimated value of a; = 170mm because from the two equations: a1 + as = 500mm and
Z—j = 1.9604mm it is obtained that a; = 168.8961mm.

From the orientation of the two axis, we determined the control parameters, that will be
integrated with the ones obtained in the last version of the control strategy, which didn’t
take into consideration ground inclination: the method explained in Paragraph. 4.3.2.
In the following two paragraphs the extraction of these parameters and their integration

in the control is explained.
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FIGURE 5.3: Pictures reporting human posture during assisted gait on slope. The red

axis are representing the Walker axis, the blue ones the User, the green dot is the pivot

point P and the yellow lines are construction lines. On the left the user is ascending

the slope, on the center is walking on flat ground and on the right is descending the
slope.

5.2 Pitch Model

In steady-state walker and user tend to have the same velocity, because the walker’s
speed depends on human’s parameters which are constant when the user walks straight

at a constant speed.

The described condition occurs when the user and the walker are on an horizontal
ground or on the same inclined surface. Alternatively, when user and walker run on
differently inclined planes the situation is more complicated. This happens when the
walker encounters a variation in ground inclination, uphill or downhill and the user,
which follows, is still on the previous condition, this results in an inevitable speed change
of the walker.

Figure. 5.4 classifies the different sections of a ramp, differentiating the sections in which
the walker and the user are not on the same plane. The complete ramp, that has a part

going uphill and a part going downhill has been divided into 9 parts.

e A: user and walker on flat ground
e B: walker faces the uphill transition and user is still flat

e C: walker and user on the uphill slope
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e D: walker returns on flat and user remains on slope
e E: walker and user on flat ground

e [': walker faces the downhill transition and user on flat

e G: walker and user on the downhill slope
[ ]

e I: user and walker on flat ground

H: walker returns on flat and user remains on slope

FI1GURE 5.4: Different phases of the user-walker system in traveling throughout a slope.

On one hand, sections A, E and I correspond to the same condition of no slope, as well
as phases C an G in which both the walker and the user are on the same slope.

On the other hand, sections B and H correspond to the same condition because the angle
variation is positive in both cases, taken as a convention for o the counter clockwise
direction, B going from 0 to a positive angle and H going from a negative angle back
to 0. The same way sections D and F correspond to the same condition, a negative
variation. Finally it’s possible to define 3 possible conditions of the user-walker: on

same slope, having a positive slope variation or having a negative slope variation.

The sections of ramp climbing in which the user and the walker are not on the same
plane are now analyzed. Figure. 5.5 shows how the inclination of the walker changes

when approaching a slope.

FIGURE 5.5: Scheme of the Walker approaching an inclined plane and while climbing
the slope. ag is the slope angle and « is the pitch angle of the Walker
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Few parameters are introduced: L is the length in between the front and rear wheel of
the walker, «aq is the slope of the ramp and « is the pitch angle read by the on-board
IMU.

In Figure. 5.6 the angle o varies from null, when the walker is horizontal, up to the
ag value when the walker is completely on slope. This variation, that happens both
ascending and descending a slope, can be considered as a rotation of the walker. It is
observable that the speed of the rear wheels v, is still horizontal while the one of the front
wheel vy is inclined as the ag angle, from the intersection of the two lines perpendicular
to the respective velocities, we encounter the instantaneous center of rotation O, around

which the rotation happens.
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FIGURE 5.6: Scheme of the Walker approaching an inclined plane and while climbing
the slope. In red are represented the speed of the rear (R) and front (F) wheels.

As shown in [47] the rotation, in a positive variation of inclination, results in a deceler-
ation of the walker perceived by the user, because a component of the linear speed vy is
spent in the vertical direction. Practically, it results in an uncomfortable situation for

the user because the handlebar gets closer to the waist and the user perceives the need
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to push the walker harder, or lower it’s speed. It is possible to conclude that, when in
this condition, an increment in the traveling speed of the walker is desirable. The same
reasoning can be applied to a negative variation of inclination: the handlebar gets far
from the desired distance from the user and it results in the need of the user to pull the
walker to reduce it’s speed or the user has to walk faster. Therefore, it is desirable that

the walker reduces its speed.

Generally, humans try to keep a constant speed while running on a slope [47]. To achieve
this goal, not wanting to impose to the user any attitude and willing to develop a natural
interface able to accompany the natural actions of the user, the control strategy modifies

the walker’s behavior when placed on a slope.

It is important now to define the concept of “load feeling” or “burden” meaning the
perception of the user when using the walker, it can be defined as the amount of requested
push to the user in order to keep it’s desired speed. Commonly a good goal for slope
compensation is to make the user feel as if he was on flat ground, meaning that even on

slopes the burden perceived has to be constant [69].

It’s a trend to use force sensors on smart walkers to have a control on the forces and
torques exerted by the user and deal with the load feeling this way [70]. For example
through an admittance model [71]. Unfortunately though the interpretation of the signal
of the force sensors is not immediate. The force sensors can receive as input a certain
signal that in different situations would have a different meaning, for example if the
user would impart more strength in vertical direction it could mean that he needs more
support, which makes the walker slow down, or that he is trying to acclerate the walker.
These conditions would obviously generate different commands to the walker through a

control strategy and can be easily confused.

In this case, a solution has been found in relation to the desired distance d. This signal is
of much easier interpretation because the intention of the user or forward progression are
expressed with an approximation to the walker and viceversa. The walker is programmed
to keep a constant distance between the LRF and the middle point between user legs
at LRF height. In order to assure a constant “load feeling” to the user, it’s required
that the distance between user and walker at the contact point in between them, the
handlebar, remains constant. This means that the user tends, in all the conditions, to
have the same amount of support from the walker and perceives the same need to push

the walker. This results in a very dependable device that assures a constant support.

We have defined that the desired speed of the walker has to vary when it encounters a
slope. When a positive variation of pitch angle occurs the speed required to the walker,

in order to have a linear velocity at the handlebar equal to the one of the user, is higher
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than the one it would usually have. For this reason the desired distance is raised during
the evolution of the « angle, making the walker increment its speed to reach the desired
distance. Symmetrically when a negative variation of pitch angle occurs the desired

distance is reduced, making the walker decelerate.

In Figure. 5.7 the model is represented in the three conditions analyzed: when encounters
a negative variation of pitch in Figure. 5.7(a), when encounters a positive variation of
pitch in Figure. 5.7(b) and when remains on flat ground in Figure. 5.7(c). The hypothesis
already introduced that distance a is constant and corresponds to the desired distance
deost = 500mm, which is shown in Figure. 5.7(a), 5.7(b) and 5.7(c).

The effect of inclination visibly alters the user-walker distance in the proposed model,

based on Figure. 5.7 the new desired distance is obtained as follows:

dg = deost + dp = 500 + b x tan(a) (5.1)

b is the length between the handlebar and the laser source. d..s; is the constant value
introduced in Chapter 4, usually set to 500mm. d, is the parameter that defines the
component of the desired distance that depends on the pitch angle. d; is the desired

distance considered in the controller developed in this chapter.

The desired distance depends on the pitch angle, when the angle is null the desired
distance dg is equal to the constant value of 500mm, as in the controller described in

chapter 4, being the tg(0) = 0.

The modification introduced in the definition of the desired distance doesn’t produce
any major change in the program and doesn’t interfere in the smoothness of the control
law because it doesn’t need switch to activate, but just the presence of a slope. In
contrary, solutions as the one proposed in [47] multiply the velocity by a coefficient
when in presence of slope. The coefficient is different accordingly to inclination’s sign
and absent when on flat ground, so the switch in between different conditions would

produce irregularities in the control signal.

5.2.1 (CC: Corrective Coefficient

In chapter 4 the corrective coefficient used to adapt the step amplitude to the real walked
path was introduced. On slope, the behavior of this coefficient had to be studied. When
the walker inclines, as shown in Figure. 5.3, the height at which the laser detects the
legs shifts. Many tests with human linear speed set to 500 mm/sec have been analyzed

and the maximum pitch angle rate usually found is approximate to & = 3/sec. Human
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FIGURE 5.7: Human-Walker running downhill(a), uphill (b) and on flat ground (c). In
red is represented the walker axis, in blue the human axis, the green circle is the fixed
point P corresponding to the pivot.
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linear velocity is set with the use of a metronome to pace each step and marks on the

floor to determine step length, as done in the experiments of Paragraph. 4.3.3.2.

Table. 5.1 reports the data extracted from the video taken during tests and reveals the
fact that the value 1.6 is a valid approximation for the CC also when the walker and the

user are both on an inclined plane, in uphill and downhill condition.

In table. 5.2, there are reported some values taken from the analysis of images of user and
walker while on differently inclined planes, specifically when the walker is completely on
slope and the user is still on flat ground. In this condition, the influence of a modification
to the C'C is supposed to have a strong impact and effectively the data collected allows
to define the maximum and minimum CC considered, CC),q, = 1.8 and CC,;p, = 1.4.

Values that differ from the usual 1.6.

Moreover, tests 2 and 4 estimate the C'C' from the image in which the walker is inclined
and the user is on flat ground, but considering as if the walker was on flat ground. From
the same picture is obtained the value of C'C' for the condition of walker and user both
on flat ground and the condition of user and walker on differently inclined surfaces. In
Figure. 5.8 test 1 and 2 are represented. Test 1 considers points: 1,2,3 and 4 while test
2 considers points 1,5,3 and 4. The obtained result is that when the two agents are both

considered on flat ground the C'C' value is, as expected, 1.6.

F1cURE 5.8: Image used to detect the C'C' in transitory conditions. Walker fully on
uphill slope and User still on flat ground.

Equation. 5.2 has been defined empirically to determine the CC depending on the pitch
angle, where the coefficient p needs to be estimated. This equation modifies the value

of CC only when ¢ is different than 0; when pitch is constant, CC' is still 1.6.

CC=16—pxdc (5.2)
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Equation.5.2 is based on the idea that when the pitch variation is positive the coefficient
CC' is smaller, because the value read by the LRF is closer to the actual walked path
at ground level and when the variation is negative the coefficient is higher. Replacing
the maximum values defined for & and CC,,,, it was found the value of p = 0,067, to
check this value, the CC),;, and p were substituted in the equation and the pitch angle
variation was correct. Equation 5.2 has been implemented in the controller and online

modifies the C'C' to better represent the real LRF readings.

5.3 Roll Model

Lateral inclination with respect to the heading direction in urban environment are very
common, curbside is the setting in which it most occurs; this is because curbside lean
street-side in order to let water drain. Moreover, the fact that a device is able to deal
with lateral inclination come in support when a longitudinal ramp is climbed diagonally,

requiring the use of a compensation both in the longitudinal and lateral directions.

Knowing the hypothesis made in this chapter regarding the imposed inclinations for
user and walker axis on slope: walker always perpendicular to the soil and user always
globally vertical and with the tentative to keep the pivot point P in the same location

as in the Pitch Pivot model, the developed model for roll angle is now proposed.

Videos recorded during tests and data from the two IMUs were analyzed. It was observed
that the user tends to compensate lateral inclinations mostly with his/her ankles, re-
maining in a vertical position with his/her trunk. In order to do so and to keep a
comfortable position for arms and shoulders, the natural human reaction is to displace

his/her feet laterally in direction of the lower side.

As shown in Figure. 5.9, the usual conventions are kept: in blue the user axis, in red
the walker axis, length b is the distance between the handle-bar and the LRF, ~ is the
roll angle and f is the expected displacement of user’s feet in the lower side direction,
considered at LRF height.

The Pivot model is applied also in this situation considering point P as fixed to the
walker centered at handle-bar height. The Pivot allows all the desired movements:
relative rotation between user and walker axis and the shift of the user axis in order to

remain always in contact with the ground.

Figure. 5.10 represents what has been discussed in this paragraph in a real test, it shows
that the Pivot point P keeps an acceptably constant position between flat and inclined

ground. Morevoer, user’s feet are displaced in the expected direction.



Test up left up right down left down right upper dist lower dist cc Comment

1 120 216 82 240 96,62815  158,9119 1,644572  uphill, Walker and User fully on slope
406 395 512 495

2 150 250 115 280 100,4988  165,6804 1,648582 uphill, User and Walker fully on slope
420 410 525 510

3 180 275 155 310 95,52487  155,8236 1,631236 downhill, User and Walker fully on slope
420 410 526 510

4 215 304 200 350 89,14034 150,12 1,684086 downhill, User and Walker fully on slope
400 395 506 500
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Test up left wup right down left down right upper dist lower dist cc Comment

1 X 105 195 70 198 90,55385  128,0039 1,413567 Walker uphill User flat
y 310 300 405 406

2 X 115 195 70 195 80 125,004  1,56255 Walker uphill (But considered flat) User flat
y 300 300 405 406

3 X 235 285 215 305 50,24938 90 1,791067 Walker downhill User flat
y 265 270 365 365

4 X 240 295 215 305 55 90 1,636364 Walker uphill (But considered flat) User flat
y 275 275 365 365
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FIGURE 5.9: Scheme of the pivot model in the case of Roll inclination. Human-Walker
walking on flat ground(a) and on transversely inclined ground(b) In red the walker axis
and in blue the user axis.

From kinematics extracted from Figure. 5.9, the f distance, based on the roll angle ~,

is obtained and shown in Equation. 5.3.

fp = b tan(y) (5.3)

The extracted value f, is the desired value of lateral displacement when in presence of
a vy roll inclination angle. In the case of no lateral inclination the parameter f, is null,

because tan(0) = 0.

From another perspective the displacement described is extracted with other parameters,
Figure.5.11 shows an upper view over user and walker. The position of the middle point
between user’s legs H with respect to the walker W is described by two parameters:

distance d and angle 6 both read by the LRF placed on-board.

It is necessary to elucidate the meaning of the parameters shown in Figure.5.11.

e v, and 1, in red, are respectively the walker’s linear velocity and its orientation;
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FIGURE 5.10: Pictures of the pivot model in the case of Roll inclination. In red the
walker axis and in blue the user axis. On the left on flat ground and on the right on
inclined ground.

e v, and 1p,in blue, are respectively the user’s linear velocity and its orientation;
e ( is the distance between point W and H;

e 0 is the angle between the walker velocity vector v, and the segment connecting
points H and W. This parameter is the orientation of point H, the middle point

between human'’s legs, seen from point W, which corresponds to the LRF on-board;

e the angle ¢ is the angle used in the control defined in Equation. 4.8 and reported

here in Equation.5.4;

=10 — 1y +p (5.4)

e f is the lateral displacement of the middle point between user’s legs, in direc-
tion perpendicular to walker’s axis and is extracted with Equation. 5.5, which is

obtained from Figure. 5.11;

f =dxsin(0) (5.5)
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e f, is the parameter extracted in Equation. 5.3 and is the desired value of lateral
displacement. This parameter can be expressed also with Equation. 5.6, function
of 0p;

fp = dxsin(6,) (5.6)

e 0, is the angle that produces a lateral displacement equal to the desired value f,,.
When no lateral inclination is present this angle is null because the f, is null, due

to v being null;

Inserting Equation. 5.3 into 5.6 Equation. 5.7 is obtained, this equation is used

to extract the desired 0,.

0, = arcsin(% * tan (7)) (5.7)

F1cUrE 5.11: Upper view in the x-y plane of the user walker model in the case of roll
inclination. In red the walker’s linear velocity and in blue the user’s one.

When on lateral slope, the displacement f, of the middle point between user’s feet in
the lower side of the slope is a natural reaction, confirmed by picture analysis. Natural
reactions of the user to a certain situation are considered conditions to be achieved in
the controlled motion. For this reason the controlled motion on laterally inclined ground
modifies the target of the control strategy. From this analysis, it was obtained that in
order to keep the walker in a comfortable condition for the user the target for the control

parameter ¢ had to be changed from 0 to 6,,.
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Recalling that the domain of Arcsin is [—1;1] and that its range is [—90;90]. On one
hand, the range is satisfactory because the desired 6, is surely included in it. On the
other hand, the domain had to be studied. The argument of the Arcsin has to respect
the domain limitation, —1 < g *tan(y) < 1. Considering a minimum accepted distance
of 200mm and the constant value of b the disequation simplifies in —14.57 < vy < 14.57.
This means that in order to have the control working correctly the roll angle v is limited
and the distance d has to be greater than 200mm. Both of the condition don’t interfere

with the normal functioning of the walker.

In the case shown in Figure.5.12 the two orientation ), and 1, subtracted one to the
other result in 0, considering the two velocities v, and v, parallel. So, in this condition,

Equation.5.4 reduces into ¢ = 6. In this condition is easier to picture the fact that the

control has to achieve the condition of ¢ = 0, as target.

d

FIGURE 5.12: Upper view in the x-y plane of the user walker model in the case of roll
inclination. In red the walker’s linear velocity and in blue the user’s one.

The variation in the corrective coefficient C'C' is not taken into account when treating

roll inclinations because of it’s very limited variation.
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5.4 Supervisor Block: the Pivot model

The kinematic analysis developed in sections Pitch Model 5.2 and Roll Model 5.3 was

integrated in the closed control loop, as shown in Figure. 5.13.

Human

l

Roll 0 Wnd
Y Pivot Model
lgw (Supervisor)

Pitch . .
l Pivot dy Pivot @q
S~ Control
1 Actions
gfs <———  Controller
<= Walker

FI1GURE 5.13: Block diagram of the Pivot model, the supervisor block.

The input defined in this model come from human localization (0,1, and d) and from
walker orientation (1), Roll- v and Pitch- «). The outputs are the Pivot dy and the
Pivot ¢4 that represent the adjusted set points entering the controller in order to close

the control loop. Finally the control actions are fed to the walker.

5.5 Conclusions

The Pivot model successfully uses the pitch and roll angles, detected by the IMU on-
board, to adapt the control strategy to an environment with inclinations: longitudinal

and lateral.

Video analysis shows a similarity between the real position of segments of human body
and the proposed model. Moreover, in accordance with the hypothesis done in the model

the walker remains always perpendicular to the ground.

The walker roll and pitch are signals with a principal component due to the orientation

of the walker, a component due to human cadence and a noise component due to the
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oscillation of the mechanical structure for soil irregularities and imperfections in the
wheels. For these reasons the Roll and the Pitch signals have been filtered with a digital
low-pass filter, implemented in MATLAB through the Flilter DesignandAnalysisT ool.

The scheme proposed in Figure. 5.14 is the complete logical scheme that introduces the
walker’s pitch and roll angles into the control strategy; it is a complete version of Figure.

4.3.4 deeply commented in paragraph 4.3.4.

A remarkable aspect of the developed control strategy is that when running downhill
the user is not required to worry about pulling the walker in order to keep it from rolling
away. Furthermore, he doesn’t have to push it, as it’s required when approaching the

inclination problem with an admittance model, as found in [47].

Finally, no need of training is required to use the UFES smart walker with the pro-
posed controller, because the input required by the controller corresponds to the natural

attitude that a person has on slope.
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FIGURE 5.14: Scheme of the multimodal fusion of sensors: the IMU on human and the
IMU and the LFR on the Walker. With the introduction of Pitch and Roll angles.
From sensors to actuators
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Experimental validation

In order to validate the Pivot Model proposed in chapter 5 a set of experiments has
been developed. A healthy subject without any locomotion-related problems of height

175 cm volunteered to perform the experiments.

Due to technical problems at the moment of experimentation the IMU positioned on the
user was not used. Due to this limitation the Yaw angle of the user was not available.
For this reason the control strategy was modified not to depend on this parameter.
Equation. 4.8 can be simplified not considering the human yaw 1, and walker yaw /,,,
reducing from ¢ = 6 4+ b, — 1, to = 6. All the experiments presented in this chapter

use as control parameter € and not .

Tests have been done without control, which means that the motors were disconnected
from the axis of traction during the experiment. The purpose of these experiments was
understanding the natural interaction between human and walker on slope. Without a
controlled motion of the walker the user just receives a passive support and autonomously
positions him/herself in a comfortable position. The need to push and secure the walker,
which is free to move, requires an effort to the user in order to maintain the desired
motion. Offline a confrontation between the natural user-walker interaction and the
target values of the control strategies has been done. The control strategy presented in
chapter 4, which will be called Normal strategy, and the Pivot model control strategy
presented in chapter 5, which will be called Pivot strategy, have been compared in
relation to the natural interaction. In this set of experiments have been used the linear
path and the U-shaped path, shown respectively in red and black dashed lines in Figure.
6.1. The tests are explained in Paragraph.6.3 and 6.4.
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FIGURE 6.1: Representation of the paths used in the experiments. In red dashed line
the Linear path and in black dashed line the U-shaped path.

6.1 Experimental setup 1: Linear path

Figure. 6.2 shows the different sections of the linear path on slope, which in this case
is climbed uphill. The path begins with a horizontal section of 2 meters, followed by a
+4° longitudinally inclined section of 9 meters and ended by another horizontal section
of 4 meters. The candidate was asked to perform the linear path uphill while guiding

the walker.

T

[

r "mph;ll 4°)

FIGURE 6.2: Linear path on longitudinal slope.
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6.2 Experimental setup 2: U-shaped path

Figure. 6.3 shows the different sections of the U-turn path on slope. The path begins
with a horizontal section of 2 meters (first black solid line in Figure. 6.3), followed by
a —4° longitudinally inclined section of 2 meters (first grey solid line in Figure. 6.3),
then comes a U-turn (black dashed line in Figure. 6.3), composed by two left turns and
a short, 1 meter long, section of laterally inclined path, a +4° longitudinally inclined
section of 2 meters (second grey solid line in Figure. 6.3), and a horizontal final section
of 2 meters (second black solid line in Figure. 6.3). The candidate was asked to perform

the U-turn path while guiding the walker.

FI1GURE 6.3: U-turn path on longitudinal and lateral slope..

6.3 Results of experiment 1: Linear path

Figure. 6.4 reports few important parameters of this experiment, which has been done
with a pace of 1step/second regulated with a metronome and with step length of 500mm
marked on the floor with tape. Figure. 6.4e shows the estimation of the linear velocity

obtained with the technique explained in chapter 4, resulting almost 0.5m/s.

In Figure. 6.5a are shown the values of distance read by the LRF for right and left
leg respectively in black and grey and their average value in red. In Figure. 6.5b it is
possible to appreciate the variation of the walker pitch signal, confirming that the path
was crossed uphill, showing a positive variation up to +4°, a constant section in which
the walker is on slope, a negative variation which brings the pitch back to almost 0° and
a last section on horizontal ground. Moreover,in Figure. 6.5c are represented 3 signals of

distance between the center point of user feet and the LRF: the actual human distance
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FIGURE 6.4: Parameters of the march. (a) Right and left legs distances in red and green

respectively, with their average in black. (b) The difference of the two legs distances.

(c) The estimated step cadence. (d) The estimated step amplitude. (e) The estimated
linear velocity.

d in red, the desired distance obtained with the Normal controller, Normal dg, in blue,

and the desired distance obtained with the Pivot model, Pivot dg, in black.

In Figure. 6.5c the real distance d and the Pivot dg have a similar trend in their evolution,
different from the Normal dg4, which is constant. In this work the author assumes that
if, in an experiment performed with no controlled motion, the value to be controlled
and the control set point present a similar trend, the system, once controlled with this

setpoints, would present a natural behavior, as explained in chapter 5.

Furthermore, the actual distance d results smaller than the Pivot model desired distance,
Pivot dy. This phenomenon is mostly due to the fact that the Pivot model desired
distance is just an estimation of the natural distance that the user would keep from the
walker on slopes. Partly though because in uphill situations and without control the
user finds him/herself closer to the walker than what would be the most comfortable

position, since in need to push it.

At the beginning of the slope, the real distance shows an unexpected behavior: increasing
up to 600mm to rapidly decrease to 500mm, which is the distance at which the user

runs when on this slope. This phenomenon is due to the position that the user has when
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FIGURE 6.5: (a) walker pitch signal. (b) Legs distance in red, desired distance of
Normal method in blue and desired distance of Pivot method in black.

begins to push the walker uphill. In order to generate the necessary pushing force, the

user inclines his body and brings his feet farther from the walker.

Figure. 6.6a and b represent respectively the parameter d found with the use of the
Pivot method and with the Normal method and the walker pitch signal is represented
in Figure. 6.6c.

It’s useful to recall that d = d — dg. d is the difference between the real distance and
the desired distance, this parameter is an input to the control block. On one hand, in
Figure. 6.6(a) the d oscillates around a stable negative value, even when the walker
runs on slope. If fed to the control, this signal would produce a limited effort of the
controller, by the fact that the error doesn’t have strong variations. Merely in the section
of approaching the slope the error grows, but as previously explained this is due to the

lack of control.
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FIGURE 6.6: Analysis of the cg parameter variation with the Pivot model. (a) d obtained
with the Normal model. (b)d obtained with the Pivot model. (c) Walker pitch signal.

On the other hand, in Figure. 6.6(b) the d has a trend that depends on the inclination, it
does not oscillates around a value. If fed to the control, this d would try to compensate
the distance variation that naturally happens when running on slope, producing a less

natural control strategy.

6.3.1 Corrective Coefficient

The proposed experiment has been used to validate the model developed for the Correc-
tive Coefficient (CC) variation on slope of Equation. 5.2 introduced in chapter 5. Figure.
6.7a represents the walker pitch angle. Figure. 6.7b shows, in red, the CC obtained with
the Pivot model CC correction and, in blue, the CC used in the Normal model, constant
at value 1.6. The CC from the Pivot model has two significant variations. The first
corresponds to the beginning of the uphill motion of the walker, a positive variation
of the pitch angle, resulting in a reduction of the CC. The second one corresponds to
a decrease in the pith angle, being the section at which the slope ends resulting in an

increase of the CC.
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FIGURE 6.7: Analysis of the CC parameter variation with the Pivot model. (a) Walker
pitch signal. (b) C'C obtained with the Normal model in blue and with the Pivot model
in red.

The experimental result are in line with the theoretical model developed for the CC
variation on slope. The analyzed coefficient compensates the error of height at which
the LRF reads legs parameters. In this experiment it is not possible to appreciate a

significant improvement in the estimation of the amplitude, with the modification of the

CC.

6.4 Results of experiment 2: U-shaped path

As explained in the previous paragraph, also this experiment has been done without
control and has the goal to prove a similarity in between the natural behavior of the

user and the estimated control target calculated through the Pivot Model.

The experiment has been done with the same step amplitude used for the experiment set
1, fixed to 500mm, described in paragraph 6.3, and a cadence of 2step/second. Because
a too low speed would make a harder task to perform curves on inclinations without the

assistance of the motors.
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In Figure. 6.8 it’s possible to define 5 different phases in the evolution of the trial.
Approximately every two seconds of the test it is defined a new phase. Phase I is between
seconds 0 and 2 and corresponds to the first black solid line in Figure. 6.3. Phase II
is between seconds 2 and 4 and corresponds to the first grey solid line in Figure. 6.3.
Phase III is between seconds 4 and 6 and corresponds to the black dashed line in Figure.
6.3. Phase IV is between seconds 6 and 8 and corresponds to the second grey solid line
in Figure. 6.3. Finally, phase V is between seconds 8 and 10 and corresponds to the

second black solid line in Figure. 6.3.
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FIGURE 6.8: (a) Walker pitch and walker roll signals. (b) Legs distance in red, desired

distance of Normal method in blue and desired distance of Pivot method in black. (c)

Theta in red, desired theta of Normal method in blue and desired theta of Pivot method
in black.

Phase I is on horizontal flat ground. This phase is characterized by a null pitch and roll
angles, an almost constant distance d around value 450 mm, Normal d; and Pivot dg at

value 500mm and almost null angles 8, Normal 6; and Pivot 6.
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Phase II is on the downhill slope. The pitch angle drops to —4° , and the roll angle keeps
being null. The 6, the Normal 6; and the Pivot §; remain in almost 0°. d decreases of
approximately 100 mm and keeps a constant value for the rest of the phase. The Pivot
dg also decreases of around 50 mm with the same trend as d, while the Normal dg keeps

its constant value of 500 mm.

Phase III is the phase in which the pitch angle returns to being null while performing the
first part of the U-turn, remains in 0° during the laterally inclined section and increases
up to +4° completing the second turn of the U-turn. The distance d and the Pivot
dg evolve similarly incrementing respectively by 200 mm and 100 mm. The roll angle
decreases up to —4° during the first turn, maintains this value for the laterally inclined
path and goes back to value 0° after the second turn. The 6 and Pivot 6, both increment
with a similar trend, respectively up to almost 10° and 7°, with the first turn, keep this

value on the laterally inclined path and go back to 0° with the second turn.

Phase IV is on the uphill slope. The pitch angle increases to +4°, and the roll angle
keeps being null. The @, the Normal 6; and the Pivot 64 remain in almost 0°. d oscillates
but keeps an average value of approximately 550 mm for the rest of the phase. The Pivot
dg keeps its value of 550 mm with the same trend as d, while the Normal d; keeps its

constant value of 500 mm.

Phase V, as phase I, is on horizontal flat ground. This phase is characterized by a null
pitch and roll angles, an almost constant distance d around value 450 mm, Normal dg

and Pivot dg at value 500 mm and an almost null angle 6, Normal 6; and Pivot 6.

In the different phases the parameters d and Pivot dg evolve with a similar trend. In the
same way, parameters  and Pivot 6, evolve with a similar trend. This behavior and the
one observed in the first experiment, explained in paragraph 6.4, show the effectiveness
of the Pivot model in defining the parameters Pivot d; and Pivot 6;, which can be used
as set points for a control scheme in order to develop a natural and safe control strategy,

as shown in Figure. 5.13.
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Conclusions, contributions and

future directions

7.1 Conclusions

The presented thesis has the objective of developing a control strategy specifically
thought for when the UFES smart walker runs on slopes: ramps and curbsides. The
need of this research has appeared because smart walkers should be able to safely deal
with inclinations in order to become a device effectively useful in the daily life of the
elderly population or of anybody that suffer of limited mobility. In urban environments
smart walkers very commonly have to deal with ramps and curbsides and the UFES

smart walker was not prepared to safely face them.

This thesis presents the conception, development and validation, with a sane subject, of
a novel model of human-walker interaction on slopes. This model is called “Pivot Model”
and is based on the kinematic analysis of human posture during walker assisted-gait on

slopes.

The developed model was integrated, as a supervisor block, into the conventional closed
control loop implemented in the smart walker embedded hardware. This block modifies,
depending on inclinations, the control set points to provide an adaptable human-walker
desired position in order to improve comfort and safety and enhance user’s confidence
in the walker. The parameters used in the model are the legs position and the 3D

orientation of the walker.

The experimental validation of the Pivot Model showed that the parameters extracted
from the natural behavior of the user and the estimated set points determined with the

Pivot Model are highly correlated presenting a similar trend in their evolution in time.
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This behavior shows the effectiveness of the model in defining the control parameters,
which can be used as set points for a control scheme in order to develop a natural and

safe control strategy.

One of the advantages of the proposed method is the high computational efficiency,
due to the light weight of the introduced algorithm. The estimated parameters don’t
present a considerable increase in the execution time and for this reason the Pivot Model

is suitable for real time applications.

In literature no work has been identified in which the kinematic modeling of the human
natural attitude on slope was considered in the definition of the control strategy. For

this reason the proposed method is considered an innovation.

Moreover, the sensors taken into account in this configuration of the system are easily
interpreted. The LRF data shows the actual distance and orientation of the lower limbs
and the IMUs data show the orientation of the human pelvis and of the walker. This
fact is noteworthy because other sensors are of more difficult interpretation, such as
force sensors to measure upper limbs. The force sensors can receive as input a certain
signal that in different situations would have a different meaning, for example if the
user would impart more strength in vertical direction could mean that he needs more
support, which means slow down the walker or that he is trying to accelerate the walker.
These conditions would obviously generate different commands to the walker through a
control strategy and can be easily confused. In the configuration used in this thesis this

problem is not relevant.

For reasons of comfort and safety it has been defined a walkable space inside of which
the user has to be encountered in order keep the motors turned on. This square space
is limited by the mechanical structure in three sides and on the open side it is fixed at

1m the maximum distance that the LRF can detect.

Due to the clear interpretation of the sensor’s signals, the limitations used in defining
the walkable space and the self-blocking gear of the motors that block in emergency

situations the control strategy is considered safe.

Finally, a great quality of the proposed control is the fact that no training is required in
order to use the UFES smart walker. The input required by the controller are extracted

from the natural attitude that a person has on slope.
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7.2 Author contributions

As a master thesis a series of scientific contributions have been produced in the topic of

walker-assisted gait. These contributions are listed as follows:

e Participation in the development of the final state of the UFES Smart Walker, a

prototype and for this reason often in need of reparations and improvements.

e Participation in the definition and validation of the estimation strategy for the

linear velocity of the user, fully explained in chapter 4.

e The study and critical review of the state of the art about mobility assistive devices

on slopes, especially focusing on the theme of smart walkers.

e The conception, implementation and validation of the Pivot Model, in its subsec-

tions Roll and Pitch Models, fully explained in chapter 5 and 6.

7.3 Publications

RODRIGUEZ, C. A. ; CIFUENTES, C. ; TAUSEL, L. ; FRIZERA, A ; BASTOS,
TEODIANO FREIRE. Estimacao de Velocidade Linear em Marcha Assistida por An-
dador Utilizando Varredura Laser. In: VII Congreso Iberoamericano de Tecnologias de
Apoyo a la Discapacidad - IBERDISCAP 2013, v. 1, p. 145-151, 2013.

TAUSEL, L. ; CIFUENTES, C. ; RODRIGUEZ, C. ; FRIZERA, A ; BASTOS, TEO-
DIANO FREIRE. Human-Walker Interaction on Slopes Based on LRF and IMU Sen-
sors. In IEEE International Conference on Biomedical Robotics and Biomechatronics -

BioRob 2014. In state of revision.

7.4 Future directions

An important future objective is to do tests with the human IMU working so to be able
to use the complete version of the control equation used to define the ¢ angle, explained

in equation 4.8.

As future works, it is intended to integrate force sensors, applied to the forearm supports,
and other wearable sensors in the Pivot Model in order to strengthen the interpretation
of human behavior during walker-assisted gait on slopes. Additionally, the aim is to

integrate the model into the control strategies developed for the UFES Smart Walker in
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order to actively assist human gait. Meaning with the motors connected to the axis of
traction and the walker controlled with the use of the Pivot model control strategy. This
set of experiments would be useful to appreciate the correct functioning of the control
strategy, both for pitch and roll. For these tests it could be used a U-turn path or a
diagonal path.

Furthermore, a clinical validation of the proposed model with locomotion-related patho-
logical subjects is intended to be done in order to better understand the rehabilitative

value of the proposed method.
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