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Lokomat has implemented a system to measure joints kinematics, the gonimeter was

removed from the participant.

• After that, we put a harness on the participant (see figure 7.1). We lifted the participant

so that he/she was no longer touching the treadmill. Finally, we set the BWS (Body

Weight Support) to 30% of his/her weight.

Figure 7.1: Participant before being lifted by the Body Weight Support system

• We attached the Lokomat to the participant using special hooks to the harness. Then,

the participant was fitted to Lokomat, according to the features of the device that better

suited the participant (see figure 7.2): pelvic depth; Lokomat upper leg length; and

Lokomat lower leg length. After this, we fitted the cuffs.

• The final step before starting Lokomat walking was to put the footlifters on the par-

ticipant. During the Lokomat walking, we had to confirm constantly if the footlifters

pulled the feet up sufficiently in the swing phase so that they do not touch the treadmill.

If not, we would have to adjust them correctly during the walking.
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Figure 7.2: (A) Cuffs used to attach the participant’s legs to the Lokomat; (B) Some Lokomat’s features
include the pelvic depth, the upper and the lower leg length. The participant follows his performance watching
the visual representation of biofeedback in a special screen.

• When the subject was correctly fitted on Lokomat, Lokomat initiated stepping with

the participant still in the air and using 100% of guidance force. The participant was

allowed to walk in the Lokomat for 4 minutes at 1.5 Km/h in order to get used to the

device.

• At the end this period, we lowered the participant, constantly verifying if the feet

correctly touched the treadmill. This transition was extremely important, so that the

participant could correctly walk.

• After this adaptation period, Lokomat’s walking speed was then randomly set to one

of the three speeds (1.5, 2.0 and 2.5 Km/h) used during treadmill ambulation, and after

one minute of adaptation, EMG data was collected for another one minute sequence.

This same procedure was repeated for all the three speeds. At the end of this sequence,

we repeated the same procedure for the four different guidance forces (100%, 70%,

40% and 20%) studied, in a randomly order and a resting time of 4 minutes between

each different guidance force. During all the trials on Lokomat, the body weigh sup-

port was always 30% of the participant weight. The participants were asked to actively
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follow the robotic guidance aided by the Lokomat’s visual representation of biofeed-

back1 values (see figure 7.2-(B)). The visual biofeedback values, designed to motivate

the patient to improving the walking performance [54] [55] [78], were displayed step-

by-step in line graphs representing the walking performance over the last steps. In

particular, the participants were instructed to follow the robotic movements in order to

maintain a constant biofeedback value during each trial.

Figure 7.3: Lokomat implements gait trajectories very similar with the normal walking. (A) - (D) sequence
represents one stride cycle

• At the end of Lokomat walking, we stopped the exoskeleton and removed the partici-

pant inside it. After removed all the electrodes from the body, the participant cleaned

his/her skin with alcohol.

1The biofeedback system displays the patient’s activity in real time during the walking. The displayed
values are average values of the forces measured within the Lokomat drives, weighted according to the gait
cycle phase. The biofeedback values are strongly correlated with the force or torque values. However, they are
not displayed in Newtons or Newton meters, but in biofeedback units.
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7.3 EMG signal analysis

The ten central stride cycles of each recorded trial were selected for analysis. Data was ana-

lyzed using Matlab 7.0 (The Mathworks, Natick, MA) and SPSS statistical software (v. 18.0

IBM).

The EMG signals were processed as described in section 5.1. Raw EMG data (output

signals of the Pocket EMG) was band-passed filtered (first order zero-lag Butterworth digi-

tal, pass-band 20-400 Hz) to attenuate DC offset, motion artifacts and high frequency noise.

EMG signals were smoothed using a 50-point root mean squared (RMS) algorithm. The

smoothed EMG signals were interpolated per each stride cycle in order to obtain average

stride cycles with 101 points. Stride cycles were then averaged to obtain a time-normalized

gait cycles with 101 points. For each muscle and participant, each time-normalized EMG

signal was amplitude-normalized by its maximal value obtained in all the conditions of speed

and guidance force. These normalized EMG signals were computed to obtain the average of

the group, for each muscle and condition of speed and guidance force.

For each subject and for the average of the group, the normalized EMG signals of each

condition were combined into an m x t matrix (EMG0), where m indicates the number of

muscles (seven muscles in this case) and t is the time base (101 values that represent the gait

cycle from 0% until 100%) (see section 6.2. for details).

An NNMF (nonnegative matrix factorization) algorithm was applied to the m x t ma-

trix for extraction of motor modules and activation signals from each subject and for each

condition. A priori, the number of activation signals, n, was specified (two, three and four

activation signals), and the NNMF algorithm found the properties of the modules by populat-

ing two matrices: an m x n matrix, which specifies the relative weighting (motor modules) of

a muscle in each activation signal, and an n x t matrix, which specifies the activation timing

of each activation signal. These two matrices were multiplied to produce an m x t matrix

(EMGr) in an attempt to reconstruct the EMG signals. EMGr was compared to EMG0 (orig-

inal EMG signals) by calculating the sum of the squared errors (EMG0 - EMGr)2 and the

result was used for iterative optimization until it converged on the motor modules and the

activation timings of the activation signals that minimized the error.
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The variability accounted for (VAF) was calculated to determine the minimum number

of activation signals needed to adequately reconstruct the EMG0 of each subject and of the

average of the group. The VAF was calculated as the ratio of the sum of the squared error

values to the sum of the squared EMG0 values, according to the equation 7.1:

VAF = 1 −
∑b

a(EMG0 − EMGr)2∑b
a EMG2

0

(7.1)

where a and b denote the beggining and the end of the interval of analysis.

VAF was calculated for each muscle and for each condition of guidance force and speed.

In order to ensure the quality of reconstructed signals within each region of the gait cycle,

VAF was also calculated within seven phases of the gait cycle: 1) Initial double support

(corresponding to Initial contact plus Loading response), 2) Mid-stance, 3) Terminal stance,

4) Pre-swing, 5) Initial swing, 6) Mid-swing and 7) Terminal swing (see table 7.2). We

analyzed seven gait phases instead of eight (such as those presented in subsection 4.3.1.),

because Initial contact phase only occupies 2% of the gait cycle. For VAF analysis, it is

wise to analyze longer intervals. Thus, we combined Initial contact plus Loading response,

obtaining the Initial double support phase 2.

Table 7.2: Segmentation of the gait cycle into seven phases for the calculation of the VAF (variability ac-
counted for) of each phase

We analyzed VAF results from the computed activation signals from the average EMG of

the group. A minimal VAF value of 80% was required to consider the reconstruction quality

satisfactory, as referred by Clark et al. [12] and Gizzi et al. [28].

2Some authors denominate the 0-10% interval of gait cycle as Initial Double Support [1] [2] [48]. For that
reason and since we combined two gait phases to form one with this same duration, we decided to denominate
this gait phase with the same name referred by these authors. These authors denominated the 50-60% interval
of gait cycle as Terminal Double Support.
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In order to analyze if the motor modules can be similar for all the conditions of speed

and guidance force, the activation signals were also computed using the same motor mod-

ules (the modules obtained previously in Treadmill using 2.5 Km/h, 2.0 Km/h and 1.5 Km/h

speed) for all conditions.

The percentage contribution of the different gait phases to the total muscle activity (EMG

envelopes) and activation signals during stance and swing was calculated for all conditions

of force and speed.

7.4 Kinematic and kinetic values

Kinematic (joint angles during both types of walking) and kinetic (interaction forces between

each participant and Lokomat in the hip and knee joints) data was averaged per each stride

in order to obtain an average cycle with 101 points. Finally, these kinematic and kinetic data

was time normalized, expressed as a percentage of the total gait cycle, i.e., 0-100%.

The angular Range Of Motion (ROM) in the sagittal plane for hip and knee was found by

subtracting the minimum joint angle from the maximum joint angle for Lokomat trials for

each condition of Guidance Force (GF) and speed. The ROM in the sagittal plane for knee

during the Treadmill walking was also calculated, for each condition of speed. The time (%

of gait cycle) at which the minimum and maximum angles were obtained, for all conditions,

were also determined.

The kinetic Range Of Forces (ROF) in the hip and knee joints of Lokomat was found by

subtracting the minimum joint force from the maximum joint force for Lokomat trials for

each condition of Guidance Force (GF) and speed and also for each gait phase.

For both types of walking (treadmill and robotic-aided) and for all the conditions of

speed and guidance force, we calculated the time duration of the gait cycle (mean ± standard

deviation) for the group average, as well as the stance and swing ratio. All the gait parameters

were calculated based on footswitch data.
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7.5 Statistical analysis

To perform the statistical analysis, each activation signal and EMG envelope was character-

ized by seven values - the seven integral values of each gait phase.

Motor modules and activation signals differences across subjects in treadmill gait, for

each condition, were assessed using a three -factor (name of the participant, speed; and mus-

cle) ANOVA and Tukey’s post hoc analysis.

Motor modules and activation signals differences across subjects in robotic-assisted walk-

ing, for each condition, were assessed using a four -factor (name of the participant, % GF;

speed; and muscle) ANOVA and Tukey’s post hoc analysis. Motor modules differences for

each subject in robotic-assisted walking, for each condition, were assessed using a three -

factor (% GF; speed; and muscle) ANOVA and Tukey’s post hoc analysis. The association

between subjects and their activation signals was assessed using a Spearman’s correlation.

Activation signals and motor modules average group differences between Treadmill and

Lokomat walking were assessed using a Spearman’s correlation.

In order to analyze the possible existence of the same motor modules for all conditions

of walking, the activation signals were computed using the same motor modules (the motor

modules obtained in Treadmill using 2.5 Km/h, 2.0 Km/h and 1.5 Km/h speed) for all condi-

tions. A Spearman’s correlation was used to analyze the differences between these activation

signals.

A correlation between the percentage contribution of different periods (gait phases) to

total muscle activity (EMG envelopes) and activation signals during stance and swing, for

all conditions of force and speed, was assessed using a Spearman’s correlation.

For all these statistical tests, the level of significance was defined as 0,05.



Chapter 8
Experimental Results and Discussion

Four modules were required to reconstruct the EMG envelops with VAF (variability ac-

counted for) superior than 80% for all muscles and gait phases (see Table 8.3). This result

supports previous studies reporting the same number of modules [12] [64] [63] [59] [28].

Ivanenko et al. [39] identified 5 modules, but the extra module was highly related with erec-

tor spinae and iliopsas muscles, which are muscles that we did not record their activity.

With only two (Table 8.1) or three (Table 8.2) modules, several VAF values of our work were

lower than 80%. Therefore, the results presented on this chapter are related with the analysis

performed with four modules.

The computed motor modules, activation signals and EMG envelopes for all conditions

of guidance force and speed are represented on figures 8.1, 8.2 and 8.3.

The extracted motor modules and activation signals revealed that the activity of each

muscle consisted in contributions from each module, but it is usually dominated by a single

module (except Rectus femoris and Vastus lateralis), as represented on figures 8.1, 8.2 and

8.3.

For all the conditions of speed and guidance force, the modular control presented the

following characteristics:

• Module 1 consisted mainly of flexor activity from the Rectus femoris (hip flexor) and

activity of the Vastus lateralis (knee extensor). This module was mainly active during

the early stance phase.

• Module 2 mostly consisted of activity of the Semitendinosus (knee flexor) and Biceps

femoris (hip extensor) muscles at late swing and early stance.

77
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• Module 3 consisted mainly of activity of the Gastrocnemius medialis and Gastrocne-

mius lateralis (ankle plantarflexors) and this module was primarily active during late

stance.

• Module 4 consisted mainly of activity of the Tibialis anterior (ankle dorsiflexor). This

module was mainly active during early stance and early swing.

8.1 Modular organization during treadmill walking

The calculated motor modules on treadmill gait are very similar among subjects (p-values

very high - Table 8.4-(A)). The motor modules are also very similar across speeds.

In relation to the activation signals, they are relatively similar among subjects (p=0.621).

Activation signals vary slightly with the speed, but the differences are not so much significant

(p=0.301 - Table 8.4-(B)).

Our computed activations signals and motor modules extracted during treadmill walking

were very similar with the ones obtained by Clark et al. [12].

8.2 Modular organization during Lokomat walking

The calculated motor modules during robot-aided walking were similar among subjects

(p=0,985 - Table 8.5) and among the group average (see table 8.7 and figure 8.5).

The results showed that activation signals during Lokomat walking are quite different

among subjects (see Figure 8.6), for the same conditions (p=0.03 - Table 8.6). These ac-

tivation signals also changed with the speed (see Figure 8.4), for the same guidance force

conditions (p=0.014 - Table 8.6).

8.3 Modular organization comparing Treadmill with Loko-
mat walking

Analyzing the correlations of activation signals (tables 8.8-(A), 8.9-(A), 8.10-(A) and 8.11-

(A)) for all conditions of Guidance force and speed, we can refer that:

• The correlations between robotic-guided walking using 20% GF and 1.5 Km/h speed

with the other conditions presented the lowest values. This result was expected, since

the participants related discomfort during this condition.
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• Robotic-guided walking with 100% GF presented the lowest correlations with the

treadmill walking condition.

• Robotic-guided conditions with 40% and 20% of guidance force presented the higher

similarities with respect to treadmill walking, except for the combination of 20% of

guidance force and 1.5 Km/h speed.

Analyzing the correlations of motor modules (tables 8.8-(B), 8.9-(B), 8.10-(B) and 8.11-(B))

for all conditions of Guidance force and speed, we can refer that:

• The robotic-aided condition of 20% GF and 1.5 Km/h speed, presents the lowest cor-

relation values in relation to the other conditions.

• The other combinations present high correlation values among themselves.

Therefore, we can refer that the motor modules values are significantly similar both on

treadmill and Lokomat, whereas the activation signals vary much more. From all conditions

analyzed in this study, the activation signals and the correspondent motor modules in Loko-

mat walking at 1.5 Km/h and with 20% GF presented lower correlation values in relation to

the other conditions. This result was expected, because it was a very ’robotized gait’ (see

kinematic pattern in figure 8.10) and also because individuals mentioned discomfort while

walking with this combination of force and speed. In relation to the other conditions, we can

observe that the computed motor modules and activation signals of the trials using 40% and

20% of GF presented higher correlation values with the results from treadmill, more than the

results from 100% and 70% of GF compared with treadmill. This fact supports the idea that

walking with less GF would conduct to similar activation signals and motor modules to the

obtained in treadmill, for healthy subjects.

We tested the computation of activation signals with fixed motor modules (Figure 8.7),

using the computed motor modules of Treadmill walking with 2.5 Km/h, 2.0 Km/h and 1.5

Km/h speeds (represented in figures 8.3, 8.2 and 8.1, respectively). This analysis revealed

the following characteristics:

• Activation signal 1 was similar across all combinations.

• Activation signal 2 was similar for treadmill walking and Lokomat walking using 20%

and 40% GF at low speeds.
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• All the correlations were similar for activation signal 3. The correlations between

treadmill and Lokomat walking with 20% GF were the best, with all values higher

than 0,90.

• High similarity of activation signal 4 between treadmill and Lokomat walking was

observed with 20% of guidance force (at low speeds).

The result of this analysis with fixed motor modules also showed good accuracy in the

reconstruction of the EMG envelopes. This result confirms that motor modules are similar

across variations of guidance force and speed, whereas the activation signals vary much

more, depending on the speed and the amount of aiding given by the orthoses.

Using the fixed motor modules obtained in Treadmill using 1.5 Km/h speed, the VAF

was 91,85 ± 30,88%; using the fixed motor modules obtained in Treadmill using 2.0 Km/h

speed, the VAF was 95,15 ± 12%; using the fixed motor modules obtained in Treadmill

using 2.5 Km/h speed, the VAF was 92,98 ± 19,48%. Thus, the quality of reconstruction

using the fixed motor modules obtained in Treadmill using 2.0 Km/h was better than the

reconstruction using the fixed motor modules obtained in Treadmill using 2.5 Km/h and

1.5 Km/h. We believe that this result support the idea that Rectus femoris activity depend

on the same activation of two specific modules (our modules 1 and 4, which are the same

modules referred by McGowan et al. [59]), as the motor modules obtained in Treadmill

using 2.0 Km/h, in opposition to the motor modules obtained in Treadmill using 2.5 Km/h

and 1.5 Km/h, where only one module and three modules contribute, respectively, to the total

activity of Rectus femoris.

8.4 Muscular activation

The average EMG envelopes recorded from the seven muscles, for both types of walking

and for all conditions of guidance force and speed, are illustrated in Figure 8.8. Different

muscular activation patterns were obtained according to the demand.

In general, muscular activation increased with the increase of speed, for all conditions of

guidance force used in Lokomat and for treadmill walking. Generally, there was also higher

muscular activation for 20% and 40% GF in respect to the other guidance forces, for all

conditions with the same speed.

We found that the activation patterns of Rectus femoris and Vastus lateralis presented

higher activity during robotic-guided walking than treadmill walking, for all the variations of
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guidance force and speed. There was significantly less contribution of Gastrocnemius medi-

alis, Gastrocnemius lateralis and Tibialis anterior to the mechanical demand imposed during

robotic-guided walking than treadmill walking. In general, the hamstrings (Semitendinosus

and Biceps femoris) presented similar activation patterns for both types of walking. Never-

theless, the activity of the hamstrings during Lokomat walking was typically lower than the

obtained on Treadmill walking in the transition from swing to stance and the initial 30% of

gait cycle.

In relation to gastrocnemius medialis, gastrocnemius lateralis and tibialis anterior activ-

ity during Lokomat walking, Hidler [36] reported that the drop in muscle activity (he only

used 100% of guidance force) could be related with the use of footlifters, which assist ankle

dorsiflexion for toe clearance during swing phase. Interestingly, we obtained less muscular

activity not only using 100% of guidance force, but also for the other guidance forces. In

relation to the quadriceps (Rectus femoris and Vastus lateralis), Hidler explained that people

usually rotate their hips and also abduct their legs to allow the toe to clear the floor, which are

movements quite limited to perform in Lokomat. Therefore, participants of his study (just

using 100% of guidance force) exerted higher muscle activity in the quadriceps to help in the

elevation of the feet and preventing toe from getting caught in the treadmill. Interestingly,

we obtained higher activity for all the guidance forces.

Partial contributions of each gait phase to the total muscular activity per stride revealed

higher correlation values for Vastus lateralis, Semitendinosus and Biceps femoris, when com-

paring both types of walking.

8.5 Gait parameters

The analyzed gait parameters showed some differences between Treadmill walking and

robotic-aided walking. The gait cycle time was much shorter during Treadmill walking (See

Table 8.12). The fact that the average group took much more time to complete a step cycle

during Lokomat walking than Treadmill walking may influence muscular activation.

The percentage of stance phase was longer in Lokomat walking using 100% and 70%

of guidance force. When walking with 40% and 20% of guidance force, the average group

presented similar percentages of stance phase compared with walking in treadmill.

For both types of walking and for all the conditions of guidance force, the gait cycle time
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increased with the decrease in speed.

8.6 Kinematics

In order to analyze if the participants would change joint trajectories as a response to the

altered mechanical demand, we examined the average knee and hip joints trajectories and

the correspondent ROM (range of motion) in the sagittal plane.

Knee joint angular patterns for all the conditions, according to the speed are represented

in Figure 8.9. It can be observed that the range of motion in the knee while walking on

treadmill is slightly higher than the obtained during robotic-guided walking. Normal physi-

ological and symmetrical gait patterns were obtained for each condition.

Figure 8.10 represents the average knee and hip angular trajectories, for all the conditions

of robotic-aided walking.

Angular patterns and the correspondent ROM were very similar for all conditions, except

for the condition of 20% GF. Nevertheless, despite being firmly strapped into the Lokomat,

a small amount of variance was found. This happened, because each participant can pro-

duce relative movement in relation to the Lokomat, although Lokomat guides the limbs of

all subjects through pre-programmed trajectories. In general, the ROM decreased with the

decreasing amount of guidance force (Table 8.13).

The ROM of the hip joint, using 20% GF, was smaller when compared with the other

conditions of guidance force, for the same walking speed. The ROM of the knee joint using

20% GF and 1.5 Km/h was smaller when compared with the other conditions. In general, it

was found that the ROM of both knee and hip joints increased with the speed and the % GF,

except for the condition of 20% GF, where the hip ROM decreased with the increase of speed.

The time at which occurred the minimum angle of hip joint was similar for all conditions,

taking place at the transition from terminal stance to pre-swing (in the region of 50% of gait

cycle), except for 20% GF and 1.5 Km/h, where the minimum angle was obtained in the

middle of terminal stance (in the region of 40% of gait cycle). The time at which occurred

the maximum angle of hip joint was similar for all conditions, taking place at mid-swing (in

the region of 73-87% of gait cycle).
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The time at which occurred the minimum angle of knee joint was similar for all condi-

tions, taking place at transition from swing to stance (in the region of 100% of gait cycle).

The time at which occurred the maximum angle of knee joint was similar for all conditions,

taking place at the final of initial swing (in the region of 73% of gait cycle).

8.7 Force (Kinetics)

In order to determine if subjects would modify the patterns of interaction forces during the

gait cycle, we examined the average knee and hip exoskeleton joint forces. We observed

that in general, subjects were able to walk with a similar kinematic pattern imposed by the

robot. But changes in the mechanical pattern, related with the changes in modular control

and induced by altered demand, were observed (Figure 8.11). In general, the ROF (Range

Of Forces) decreased with the decrease of GF and the increase of speed.

Main deviations across combinations in the interactions forces were found in the transi-

tion from stance to swing (in the region of 60% of gait cycle).

8.7.1 Hip Kinetics (joint forces)

For the hip joint, we observed that with 20% and 40% GF, as the leg moved to prepare the

swing motion and initiate it, relative hip extension and flexion torques were small. Never-

theless, for higher GF (70% and 100%), the hip torque patterns required a more complex

strategy as subjects exerted significantly higher hip flexion torques at mid-swing (in the re-

gion of 73-87% of gait cycle). This reveals a strategy that is adopted to pull the leg towards

swing that is accentuated with augmented mechanical demand. This behavior correlates with

the increased RF (hip flexor) activity and decreased activity of the hamstrings (hip extensor).

8.7.2 Knee Kinetics (joint forces)

For the knee joint, the ROF (Table 8.14-(B)) decreased with the decrease of GF and the

increase of speed. The ROF using 20% and 40% GF is reduced when compared to higher

levels of GF. The main differences in forces across combinations for this joint were observed

in the transition from stance to swing (in the region of 60% of gait cycle). For 20% and 40%

GF, the limb produced reduced extension torques during pre-swing (in the region of 50-60%

of gait cycle), followed by reduced flexion torques at initial swing (in the region of 60-73%
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of gait cycle). In turn, using 70% and 100% GF resulted in increased knee extension torques

at pre-swing followed by increased knee flexion torques at initial swing. This behavior cor-

relates with the increased RF (knee extensor) and VL (knee extensor) activity during the

stance phase.



8.7. FORCE (KINETICS) 85

Table 8.1: Evaluation of the quality of reconstruction (VAF) per gait phase, using only two modules. VAF
values equal or higher than 80% are colored in green. VAF values equal or higher than 70% are colored in
yellow. VAF values lower than 70% are colored in red.
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Table 8.2: Evaluation of the quality of reconstruction (VAF) per gait phase, using only three modules. VAF
values equal or higher than 80% are colored in green. VAF values equal or higher than 70% are colored in
yellow. VAF values lower than 70% are colored in red.
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Table 8.3: Evaluation of the quality of reconstruction (VAF) per gait phase, using only four modules. All the
VAF values are equal or higher than 80%. Therefore, all of them are colored in green.
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Figure 8.1: Modules obtained for all the conditions of Treadmill and Lokomat walking using 1.5 Km/h. (A)
Average (black lines) and standard deviation (gray lines) of the EMG envelopes of the seven muscles for all
the conditions using 1.5 Km/k. (B) Average motor modules and (C) the correspondent activation signals. Thin
gray lines represent the results of each individual of the study, whereas the thick black lines represent the group
average.
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Figure 8.2: Modules obtained for all the conditions of Treadmill and Lokomat walking using 2.0 Km/h. (A)
Average (black lines) and standard deviation (gray lines) of the EMG envelopes of the seven muscles for all
the conditions using 2.0 Km/k. (B) Average motor modules and (C) the correspondent activation signals. Thin
gray lines represent the results of each individual of the study, whereas the thick black lines represent the group
average.
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Figure 8.3: Modules obtained for all the conditions of Treadmill and Lokomat walking using 2.5 Km/h. (A)
Average (black lines) and standard deviation (gray lines) of the EMG envelopes of the seven muscles for all
the conditions using 2.5 Km/k. (B) Average motor modules and (C) the correspondent activation signals. Thin
gray lines represent the results of each individual of the study, whereas the thick black lines represent the group
average.
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Table 8.4: Similarity tests of the (A) motor modules and (B) activation signals actuating on Treadmill walking,
across participants.
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Figure 8.4: Activation signals (A) per gait speed and (B) per guidance force in the robotic condition
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Table 8.5: Similarity tests of the motor modules actuating on robotic-guided walking, across participants
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Table 8.6: Similarity tests of the activation signals actuating during robotic-guided walking, across partici-
pants
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Table 8.7: Similarity tests of the motor modules actuating on robotic-guided walking, in relation to the group
average
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Figure 8.5: Representation of average motor modules for all the conditions of walking (mean and standard
deviation among participants)
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Figure 8.6: Representation of average activation signals for all the conditions of walking (mean and standard
deviation among participants)
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Table 8.8: Evaluation of Module 1. ’Tr.’ represents Treadmill and ’Lo.’ represents Lokomat. (A) Correlation
of activation signal 1 among all the conditions of guidance force and speed in the average group. (B) Correlation
of motor module 1 among all the conditions of guidance force and speed in the average group.
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Table 8.9: Evaluation of Module 2. ’Tr.’ represents Treadmill and ’Lo.’ represents Lokomat. (A) Correlation
of activation signal 2 among all the conditions of guidance force and speed in the average group. (B) Correlation
of motor module 2 among all the conditions of guidance force and speed in the average group.
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Table 8.10: Evaluation of Module 3. ’Tr.’ represents Treadmill and ’Lo.’ represents Lokomat. (A) Correlation
of activation signal 3 among all the conditions of guidance force and speed in the average group. (B) Correlation
of motor module 3 among all the conditions of guidance force and speed in the average group.
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Table 8.11: Evaluation of Module 4. ’Tr.’ represents Treadmill and ’Lo.’ represents Lokomat. (A) Correlation
of activation signal 4 among all the conditions of guidance force and speed in the average group. (B) Correlation
of motor module 4 among all the conditions of guidance force and speed in the average group.
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Figure 8.7: Analysis of the computed activation signals for all conditions of guidance force and speed using
the motor modules obtained on (A) Treadmill at 2.5 Km/h, (B) Treadmill at 2.0 Km/h and (C) Treadmill at 1.5
Km/h. The same motor modules were used for all conditions.



8.7. FORCE (KINETICS) 103

Figure 8.8: Average envelope signals of Rectus femoris (a), Vastus lateralis (b), Semitendinosus (c), Biceps
femoris (d), Gastrocnemius medialis (e), Gastrocnemius lateralis (f) and Tibialis anterior, for all the conditions
of guidance force and speed (all subjects).
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Table 8.12: Variability (mean ± SD) of some gait parameters across different conditions of walking within
the group of participants.
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Figure 8.9: Mean kinematic trajectories of the knee joint (sagittal plane) during the gait cycle comparing both
types of walking, in relation to the same speed.
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Figure 8.10: Mean kinematic trajectories of the hip and knee joints (sagittal plane) during the gait cycle in
the robotic-aided walking condition.
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Table 8.13: Kinematic patterns of the hip and knee joints in the sagittal plane during Lokomat walking.
Results of the group average for all conditions of guidance force and speed. Representation of the minimum and
maximum angle of the gait cycle, the range of motion, the standard deviation and the correspondent moments
of gait cycle when the minimum and maximum angles are obtained, for both joints.



108 CHAPTER 8. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 8.11: Mean interaction joint forces between the participants and Lokomat during the gait cycle.
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Table 8.14: Kinetic values obtained in the (A) hip and (B) knee joints in the sagittal plane during Lokomat
walking. Results of the group average for all conditions of guidance force and speed and for the seven phases
of gait cycle. Representation of the minimum and maximum forces obtained in each gait phase of for each
condition, for both joints. For each condition, it is also referred the ROF (range of forces) values.



 



Chapter 9
Conclusions

Evidences show that motor rehabilitation should be performed with the aim of improving

some damaged gait tasks, so that these tasks can be relearned [93] [21]. Future exoskele-

tons used in gait training will certainly present a control strategy based on this principle.

Robotic training should be as intensive as possible (providing only the amount of assistance

as needed) and begin as soon as possible. Thus, it is more likely to obtain the necessary

cortical arrangement responsible for improving the damaged walking tasks [5].

It is fundamental to understand how the nervous system coordinates the muscular ac-

tivity during robotic-guided walking in order to design new robotic therapy for post-stroke

patients. Our study evaluated the effects of robotic-aided walking in healthy participants. We

developed a protocol to analyze the differences in the modular organization of the nervous

system, in the muscular activation, in the gait parameters, as well as the kinematic and kinetic

differences between normal walking and walking assisted by an exoskeleton, changing the

guidance force and the speed. The results of our study are very important, because they pro-

vide a baseline for comparison with future studies about motor rehabilitation in post-stroke

patients during robotic therapy, as well as to develop new rehabilitation methods.

9.1 Discussion of the Work

Our work had three main goals: to study the muscular electric activity during walking in

Lokomat, by varying the total assistance provided by the device, as well as the walking

speed; to analyze the kinematic changes obtained during Lokomat-assisted walking, as well

as the interaction forces between each user and the robotic device; to understand how the
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nervous system synchronizes the muscular activity during walking assisted by robotic de-

vices. All these three major goals were completely achieved.

A very difficult task of this study was the acquisition of muscle activity during Loko-

mat walking. In some trials of the individuals not included in this study, we noticed contact

between sEMG electrodes and the Lokomat’s cuffs, which could influence the results. There-

fore, the results of those individuals were not considered for this study. We developed a final

protocol for the acquisition of electromyographic signals in robotic-aided locomotion, taking

into account the resting time the individuals need and the correct position of the electrodes

based on the cuffs location. Throughout all the steps of walking, we had to observe carefully

the position of the electrodes and the quality of the EMG signals. Finally, we had to motivate

the individuals during the 120 minutes they participated in the experience.

We should also take into account the possible existence of delays between the detection

of contact by the footswitches in relation to the real contact time. Those possible delays are

usually ignored in scientific papers and, therefore, not mentioned.

There is more than one computational decomposition technique to extract motor mod-

ules and activation signals. We decided to use NNMF for this study, which may influence

the quantitative results of the analysis in comparison with other methods, but it is unlikely

that those differences qualitatively change the results. Besides, the most recent studies seek-

ing for new modules during different motor tasks have been using NNMF methods as well

[11] [12] [28].

The main characteristic roles of motor modules and activation signals during robotic-

guided walking were identified in our study. Four modules were sufficient to reconstruct

every phases of all gait cycles. Fewer modules were insufficient to correctly reconstruct the

gait cycles. Module 1 mainly provides body support during the early stance phase. This

module increases its contribution in response to increased robotic guidance. Module 2 is a

major responsible of leg movement during late swing and preparation towards early stance.

This module decreases its contribution (decrease activity of the hamstrings) in response to

increased robotic guidance. Module 3 mainly contributes to control the propulsion of the foot

during the last part of the stance phase. Module 4 provides mainly contribution to control
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the ankle during early stance and early swing. Modules 3 and 4 contribute less significantly

to the generation of torque during the tested conditions.

We verified that if the biomechanical requirements had changed during Lokomat walk-

ing, then the modular activation would also change. Motor modules were very similar among

conditions and across individuals, whereas the activation signals varied much more according

to the conditions of guidance force and speed. The computed motor modules and activation

signals support the idea of a modular organization of the nervous system to produce walking

and that a flexible modulation of this organization is sufficient to explain the walking under

variations of robotic guidance force and speed. We believe that neuronal signals select, acti-

vate and combine in a flexible way (activation signals) specified by networks with constant

motor modules in the spinal cord or in the brain stem.

The motor responses among different conditions of guidance force and speed can be de-

scribed by the correlation values. High correlation values indicate a similar motor response

between conditions and low correlation values indicate a different motor response between

conditions. For rehabilitations purposes, we believe that future design and control strategies

should induce similar synergistic activation patterns with the normal walking obtained in

healthy subjects. Therefore, control strategies inducing different synergistic activation can

have negative consequences for motor learning.

The modular control of the nervous system produced variations in muscular activation as

a result of the type of robotic assistance. It is remarkable that in the present study is con-

firmed that robot-aided walking in general induces significantly different muscle activation

patterns if compared to treadmill walking, in line with the results obtained by McGowan [59].

The reduced degrees of freedom on Lokomat are believed to be the reason to induce different

muscular activation between Treadmill and Lokomat walking, especially when using higher

guidance forces. Maybe the use of more degrees of freedom that allow pelvis and abduction

movement, as well as the control of ankle movement could introduce new advantages to re-

habilitation purposes. An electromyographic study of the walking in a rehabilitation device

presenting those features could guide further development in robotic devices for gait training.

The biomechanical results gave us the basis to compare future biomechanical data of
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post-stroke patients during robotic-aided walking, in comparison with healthy subjects. Fu-

ture therapy design will be done based on these results.

The conclusions of this study with healthy subjects cannot be extrapolated to people with

neurologic damages. We assume that those individuals exhibit different modular organiza-

tion due to the injuries in some motor commands. Nevertheless, this study can be a basis of

comparison between healthy subjects and individuals with neurologic injuries.

One of the contributes of our study is to have proposed a method to generate a motor con-

trol template for robotic-based rehabilitation of walking. Future design control strategies to

be implemented in robotic gait trainers might be directed to promote similar modular control

to the obtained in this study. Robotic devices to retrain human gait after brain damage should

be adapted to train the nervous system to induce the required timing of activity generated by

central pattern generator neurons that is directed to the motorneurons.

We also pretend to analyze the activity of more muscles simultaneously in order to verify

more accurately the possible existence of more modules and how they act according to the

amount of assistance provided by the exoskeleton. If researches identify which modules are

affected post-stroke, it will be possible to develop focused therapies to retrain those modules.

To achieve this goal, it is necessary to perform much more studies about the working of the

modules in post-stroke patients during robotic-assisted walking, by testing many different

therapies.

Finally, we believe that future directions on the rehabilitation orthoses field are the ad-

dition of more degrees of freedom to the individual’s leg, as well as the implementation of

complex control strategies to guide leg movements such as the ’assistance-as-needed’ control

algorithm. The addition of more degrees of freedom will allow more natural motion at later

stage of rehabilitation. On the other hand, therapists can lock come joints if the patient is not

sufficiently prepared to perform some movements without those joints being locked. Each

exoskeleton should be capable of customize the training for every patient, according to their

modular organization and kinematic/kinetic patterns. Assistance-as-needed should be con-

trolled according to each gait phase and for all the joints. Each of these features mentioned

above may result in more normative muscle activation patterns and provide new challenges
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to the patient during the training, which can add more benefits to the recovery of people with

neurologic injuries.

9.2 Future Work

Rehabilitation of gait disorders requires a step-forward to intervene with more accurate ac-

tions that rely on objective assessment of the patients’ performance and recovery. This re-

quires improvement in two key aspects:

• The assessment of pathologic gait in terms of biomechanics and neuromuscular per-

formance in realistic conditions;

• Training of movement with feedback that is designed based on targeted neuromuscular

and biomechanical patterns.

In the future, we pretend to develop novel means to ambulatory monitor and rehabilitate

gait in stroke survivors by means of improved wearable sensing and exoskeletons technolo-

gies that are suitable for gait retraining in stroke, spinal cord and Parkinson disease (PD) pa-

tients and to gain a new insight into cognitive human-robot interface systems (Brain-neuronal

computer interaction). Innovation comes from the hypothesis of a TOP-DOWN robotic ap-

proach for walking: neuro-physiological signals originated in the neural system can be used

to complement biomechanical signals for both monitoring and control technologies used for

neuro-rehabilitation. The PhD project is to be fitted in the framework of the HYPER (Span-

ish) and BETTER (European) projects coordinated by CSIC’s Bioengineering Group. At the

final, our results should include:

• New rehabilitation tools for future treatment and research.

• Advancement in current concepts of motor control of walking.

• Improved neuro-rehabilitation, involving enhanced motor learning in stroke survivors,

spinal cord injured and/or PD patients.
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Appendix A
Pocket EMG Features

Figure A.1: Block Diagram of the components implemented in Pocket EMG. Courtesy of BTS

Instrumentation amplifier:

- Gain: fixed, selectable between 1 and 10000

- CMRR: 110 dB

- Noise Voltage: 10 nV/ Hz with frequencies up to 1 KHz

- Input resistance: 1010Ω

- Common Mode Input Capacity: 4pF

- Differential Input Capacity: 1pF

Analog Filter:

- Type: High Pass

- Fcutoff: 15.7 Hz

Variable amplifier:

- Gain: variable between 0 and 255/256 in 256 steps
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128 APPENDIX A. POCKET EMG FEATURES

- Noise Voltage: 29 nV

Fixed Amplifier:

- Gain: fixed, 120

- CMRR: 95 dB

- Noise Voltage: 8 nV

- Common Mode Input Capacity: 8.8 pF

- Differential Input Capacity: 2.59 pF

Filter:

- Type: Analogic -20dB/dec

- Fcutoff: 1000 Hz

ADC Converter:

- Resolution: 16 bit

- Sampling frequency: up to 100 KHz. Standard = 20 KHz

Antialiasing Filter:

- Type: Digital, FIR lowpass (Kaiser Window), 16 tap.

- Fcutoff: 450 Hz with sampling frequency up to 1KHz, 750 Hz up to 2KHz and 1000

Hz for Fs= 2KHz

Decimation:

- 1, 2, 5, 10 KHz of the signal sampled at 20 KHz, according to the choosen sampling

frequency



Appendix B
Electrodes location

It is necessary to place the participant in a starting posture to determine the correct location

of the electrodes on each muscle (figure B.1), based in relative distances between anatomical

landmarks (represented in figure 4.11). Finally, there were performed tests to check if the

electrodes were effectively well fitted. All the procedures performed for each muscle are

detailed in table B.1 and they were done according to the SENIAM recommendations [32].
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Figure B.1: Electrodes location in the seven muscles studied: (A) Rectus femoris and Vastus laterais, (B)
Semitendinosus and Biceps femoris, (C) Gastrocnemius medialis and Gastrocnemius lateralis, (D) Tibialis
anterior. (E) Reference electrode is placed in the knee.



131

Table B.1: Recommendations for the starting posture, electrodes location and tests of activity of the seven
studied muscles on this work. Adapted from SENIAM [32]

Rectus femoris
Starting posture Sitting on a table with the knee in slight flexion and the upper body bend backward
Electrodes location At the middle of the line between anterior superior iliac spine and the patella
Test Extend the knee while applying force against the leg in the direction of flexion

Vastus lateralis
Starting posture Sitting on a table with the knee in slight flexion and the upper body bend backward
Electrodes location At 2/3 on the line between anterior superior iliac spine and the lateral side of patella
Test Extend the knee while applying force against the leg in the direction of flexion

Semitendinosus
Starting posture Lying on a table with the face down , the thigh touching on the table and the knee flexed

approximately 45 degrees
Electrodes location In the middle of the line between the Ischial tuberosity and the medial epycondyle of the

tibia
Test Press the leg in the direction of knee extension

Biceps femoris
Starting posture Lying on a table with the face down , the thigh touching on the table and the knee flexed

approximately 45 degrees
Electrodes location In the middle of the line between the Ischial tuberosity and the lateral epycondyle of the

tibia
Test Press the leg in the direction of knee extension

Gastrocnemius medialis
Starting posture Standing, with the ankle joint in plantarflexion
Electrodes location On the most prominent bulge of the muscle
Test Standing, in plantarflexion, with a bar or some other fixed platform making pressure

against the shoulder

Gastrocnemius lateralis
Starting posture Standing, with the ankle joint in plantarflexion
Electrodes location At 1/3 of the line between the head of the fibula and the heel
Test Standing, in plantarflexion, with a bar or some other fixed platform making pressure

against the shoulder

Tibialis anterior
Starting posture Sitting
Electrodes location At 1/3 of the line between the tip of the fibula and the tip of medial malleolus
Test Apply pressure against the medial side, dorsal surface of the foot, in the direction of

plantarflexion of the ankle joint



Appendix C
Matlab functions to implement NNMF

Figure C.1: Function nmf (). Used with permission from [52]
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Figure C.2: Function nlssubprob (). Used with permission from [52]




