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Abstract

To support and facilitate the rehabilitation of patients with physical limitations and aid the therapist, several robotic
structures are being studied. Among the structures, the cable-driven robots stand out. The cable-driven robots are
structures actuated by cables and have the advantages of being flexible and reconfigurable for each patient. The
objective of this paper is to develop a theoretical model for knee flexion/extension force and moment using a cable-
driven robot. The proposed model is necessary for elaborating a referential to which diagnosis can be made and
the improvement of the patient evaluated. The presented theoretical model was validated through experiments with
twelve sedentary and healthy volunteers. The first procedure tested ten subjects in three thigh angles for knee flexion
motion; the second procedure tested two subjects in flexion and extension for the same thigh angle. The results
show the validity of the model for 88.58% of the tests in an ANOVA analysis with a 99% confidence interval. The
similarity of data for different gender, ages, and intrinsic factors was noted, implying that the model is representative
and independent of the subject’s individuality. Differences between flexion and extension values were observed,
which need to be studied in the future.

1. Introduction

With the advancement of technology, it became possible to apply robotics structures in several areas,
in particular medicine, fields such as robotic surgery, and also in the rehabilitation of patients with
disabilities and loss of movement [1].

Several types of robotic structures were tested and used for the rehabilitation of upper [2] and lower
limbs [3, 4], and the cable-driven robots are the object of attention of researchers due to a series of
benefits that make them suitable for rehabilitation purposes such as workspace greater than conventional
parallel structures and the possibility of adaptation to different patients and therapies, easy assembly
and disassembly of mechanical structure (easily transported) and, mainly, the acceptance of the patient
already adapted to therapies that use ropes [5-7].

The knee is a complex joint with many structures that make it vulnerable to a variety of injuries like
sprains, ligament tears, fractures, dislocations, neurological disorders, among others. Knee injuries can
be treated with bracing, rehabilitation exercises, or surgery. Before and after the procedures necessary
to rehabilitate the human knee, it is necessary to measure its condition. Generally, the measurement of
the status of the knee is carried out using manual clinical scales measured by physiotherapists.

This paper uses the concept of biomechanics [8], to find a model of knee movement forces using a
cable-driven robotic structure. This biomechanical model relies on the application of joint stiffness as a
moment against body movement. Through this stiffness, it is possible to verify the existence and severity
of joint deficiencies in the limbs using strength and movement assessments, in addition to verifying the
improvement of the limb with the passage of treatment.
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Figure 1. (a) Cable-driven robot; (b) Traction module.

The present paper intends to compare values of the force/moment obtained by a mechanical theoret-
ical model with the experimental biomechanical model of knee movement and to verify the application
of the theoretical model in a healthy population, using a cable-driven robot.

This study is justified by the need to support and facilitate the rehabilitation of a series of patients
with limitations in knee movements through a low-cost, easy-to-use robotic system. Furthermore, it is
necessary to find the validity between the theoretical and the experimental model in healthy knees for
future comparisons and diagnoses in patients.

This paper is structured as follows: Section 2 provides the design of the cable-driven robot used,
followed by a brief review of the knee kinesiology in Section 3. After that, the knee force and moment
models are developed in Section 4. The results and discussion are presented in Section 5. Finally, the
conclusion and recommendations are outlined in Section 6.

2. Design of the cable-driven robot

The parallel robotic structure actuated by cables, under development and used in this paper, acts on
the patient through cables driven by electric motors coupled to encoders. The fixed platform was built
with aluminum structural profiles that allow flexibility in assembly and reconfiguration of the structure,
Fig. 1(a).

The cable traction module, Fig. 1(b), consists of a DC Bosch motor (CEP 006 WMO 310) with
45rpm, 12V, nominal torque of 10 Nm (peak 48 Nm); encoder HEDS 5500 model with 500 pulses;
elastic coupling; bearings; pulley; and load cell (CSAZL 20) with a capacity of 20 kgf. The load cell
measures the force in the cable directly, Fig. 1(a).

The actuators are controlled using an Arduino Mega 2560 and an Arduino Motor Shield. The Arduino
is connected to the notebook via a USB interface. The load cell signals pass through a signal conditioning
board for signal amplification. The cables are attached to an orthosis (mobile platform) placed on the
patient who can lie down or sit in a chair.

The use of one cable is enough to perform the individual movements of knee flexion/extension and
the weight of the lower limb assists in the flexion/extension movement [9]. A complete description of
the mathematical model and validation of the cable-driven robot used in this paper can be found in
[7,9,10].

3. Knee kinesiology

According to [11], the knee is the intermediate joint of the lower limb. It has one degree of freedom
around the transverse axis XX’, Fig. 2(a), with the possibility of flexion/extension movements in the
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Figure 2. (a) Knee joint movement; (b) Trochlear-type joint knee (adapted from ref. [11]).

sagittal plane that allow the distance from the floor to be regulated by approaching/removing the limb
end to its source. The second degree of freedom, around the longitudinal axis YY’, Fig. 2(a), is possible
when the knee is flexed.

In ref. [11], the kinesiology of the knee, which is capable of reconciling two contradictions: having
great stability in maximum extension (where it makes great efforts due to the weight of the body) and
acquiring great mobility from a given angle of flexion (necessary in running and for orientation of the
foot), was discussed. Its mechanical device resolves these contradictions but is subject to dislocations
and sprains. During flexion, the joint is more prone to ligament and meniscus injuries, and in extension,
more vulnerable to joint fractures and ligament ruptures [12].

The knee joint in flexion/extension movement is conditioned by a trochlear-type joint, constituting a
pulley or, more precisely a pulley segment, Fig. 2(b).

More complex biomechanical models are found in the literature to represent the knee. In ref. [13],
a knee model based on a spatial parallel mechanism to consider translations and rotations of the knee
biomechanical model was proposed. In ref. [14], a new adjustable knee joint mechanism is synthesized
based on a crossed four-bar mechanism to reproduce the complex flexion/extension movement of the
knee joint. Although there are more complex models to represent the human knee, the idea of this paper
is to obtain a simpler, low-cost, and easier-to-use model for health professionals.

In this paper, the following data will be used: mass of the body segments in relation to the total weight
of the individual according to ref. [15], Table I, and location of the center of mass of the segments
(center of mass in relation to their given length in the percentage of that size) according to ref. [16],
Table II.

3.1. The resistance torque in the knee joint

Due to the different structures that make up the knee, such as bones, ligaments, muscles, and menisci,
the knee joint ends up offering resistance to movement. Together with the friction between the bones,
these forces generate a torque against the movement performed, called the resistance torque. It can be
influenced by several factors such as the individual’s stretching, muscle tone, and frequency of physical
activity, among others [17].

In ref. [18], the isokinetic strength test method, which performs dynamic contractions during a move-
ment with the body velocity kept constant (isokinetic) without the influence of the force exerted by the
subject, was used to find the knee torque curves. The author used a dynamometer that performs isomet-
ric, isokinetic, and isotonic tests. The results of the isokinetic tests showed a substantial improvement in
the operated leg through the 8 weeks of treatment. The author indicates that this improvement in a short
period may be partially due to the increase in muscle mass and neuromuscular coordination that follows

https://doi.org/10.1017/50263574723000024 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574723000024

1620 Rogério S. Gongalves et al.

Table I. Data of lower limb used in this paper [15].

Mass of body segments in relation to the total mass (%)

Men Woman
Thigh 10.50 11.75
Leg 4.75 5.35
Foot 1.43 1.33
Leg + foot 6.18 6.68

Table Il. CM of segments (%), Dempster [16].

Thigh (from the greater trochanter) 43.30
Leg (from the lateral epicondyle of the femur) 43.30
Foot (from the ankle) 24.90
Leg + foot 43.40

the surgery, in addition to the reduction of pain and swelling in the joints. Isokinetic dynamometry is
considered the gold standard for objectifying forces/moments in the knee [19].

In this paper, it is hypothesized that is possible to find a model that reliably predicts knee resistance
for a healthy population; the improvement in strength (increase in knee torque) may also imply the
follow-up of the patient’s improvement during the rehabilitation treatment of the knee.

The possibility of modeling knee force and moment for healthy people may imply the creation of a
force and moment reference for diagnoses in patients in the future using the procedure proposed in this

paper.

4. Knee joint force and moment models
4.1. Theoretical mechanical model

The cable-driven robot for lower limb movements, Section 2, will be used to collect cable force data for
different knee angles. According to Section 3, the human knee is compared to a pulley segment. For the
development of the theoretical model, the knee will be considered only as ideal support (friction-free)
with free rotation around the transverse axis XX’, in the sagittal plane, Fig. 2(a). Another important
assumption is that the test is static; that is, there is no motion involved and the acceleration is zero,
Eq. (1). The assumption of static tests is made in function of low speeds and accelerations present in the
kinematics of human gait rehabilitation [20].

Y F=0;) M=0 (1)

From the free body diagram, Fig. 3, and the angles shown in Fig. 4, one can find the values of cable
force and knee moments for each knee angle from the forces and moments balance.

where

Rx — Knee support reaction on the x-axis;

Ry — Knee support reaction on the y-axis;

S5 — Angle of the leg with the vertical, obtained through Ay,.;

Af — Angle of the cable with the vertical, obtained through Beta;

P — Weight of the leg plus the foot, in Newtons;

T — Cable traction force, in Newtons;

t — Total leg dimension;

d — Distance from the place where the cable is connected to the splint to the sole of the foot;

dcg — Distance from the center of the mass of the leg plus foot;
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Figure 3. Free body diagram considering leg + foot.
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Figure 4. Detailing of the angles and cable coupling in the leg.

Auigh — Angle of the thigh;

Axnee — Angle of the leg with the thigh, reproduces the angle of the knee;

L — Initial cable length.

From the initial values — represented by the “;;” — of thigh angle (which remains constant during
the test), knee angle, and cable angle, it is possible to calculate the cable angle for any leg position by

Eq. (2).
cos(Athigh — AKnee;,; + 180°) (t — d) +

Af = 157! 18(Afini) L cos(Afini) — sin(B)(t — d) )
=8 | Lcos(Afy) — sin(Athigh — AKneey; + 180°)

(t—d)+cos(B)t—d)

where $ is given by Eq. (3).
:3 = AKnee - Athigh - 900 (3)
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Figure 5. Flow diagram of the clinical tests with healthy subjects.

Solving the static equilibrium given in Eq. (1) for the x and y axes is possible to obtain:

> Fx=0— Rx— Tx=0— Rx=Tx=T sin(Af) 4)

Y Fy=0—>Ry+Ty—P=0->Ry=P—Ty=P — T cos(4f) 5)
The point where the foot meets the leg is used to calculate the equilibrium of moments in the system,
as in Eq. (6).
Ry sin(B)t — Rx cos(B)t — P sin(B)dcg + T sin(B8 +Af)d=0 (6)
Isolating T in Eq. (6), one has:

_ Psin(B)(t —dcg)
sin(B +Af)(t — d)
In this way, it is possible to calculate the theoretical force in the cable at each position of the leg,

Eq. (7). The resulting theoretical moment is then the sum of the moments of Rx and Ry, as in Eq. (8),
where MjT is the total moment at the theoretical knee.

MjT = (P — T cos(Af)) sin(B)t — T sin(Af) cos(B)t ®)

@)

4.2. Biomechanical model

In the real case, it is known that the knee offers resistance to movement due to ligaments, muscles,
and friction between bones, among others. This real knee resistance implies an experimental moment
that will be called Me. In this way, the total moment in the experimental knee will be the sum of the
theoretical moment previously calculated, Eq. (8), with the unknown experimental moment Me, where
MjE is the total moment in the experimental knee.

MjJE = MjT + Me ©)
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Figure 6. Experimental setup.

As Me is unknown, to calculate MjE, the moment balance around the foot-to-leg point contact is
performed again, Eq. (10).

> M =0 MjE = Psin(B)dcc — T sin(B + Af)d (10)

With Eq. (10) and the cable force data for each leg angle, one can then calculate the experimental
moment for each angle. The calculation of the experimental moment is done indirectly from the traction
force measured by the load cell, Eq. (10).

4.3. Experimental methodology

The Research FEthics Committee of the UFU (Brazil) approved this study (CAAE N°
51133821.4.0000.5152), and written informed consent was obtained before any data collection.
To participate in the tests, volunteers had to be between 15 and 30 years old, have a body mass of up to
100 kg, be sedentary (practice physical activity at most once a week), and not have had problems with
arthrosis, dislocations, or knee and hip operations. Tests were performed on 6 men and 6 women.

The flow diagram of the clinical test with healthy subjects is shown in Fig. 5.
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Table I11. Data statistics of the subjects.

Standard Standard Standard
Average deviation Average deviation Average deviation
Female Male Total
Gender 50% - 50% - - -
Age (years) 22.500 3.209 21.167 2.317 21.833 2.758
Dominant leg Right = 100% Left = 0% Right = 83.3% Left = 16.7% Right = 91.7% Left = 8.30%
Frequency of physical Never = 75.0% 1 time a month = 16.7% 2 times a month = 8.30%
activity
Mass (kg) 60.817 13.699 66.533 13.729 63.675 13.412
Leg + foot mass (kg) 4.063 0.915 4.112 0.848 4.087 0.842
Leg size (cm) 44.167 1.204 50.083 2.352 47.125 3.567
CM leg + foot (cm) 24.998 0.682 28.347 1.331 26.673 2.019
Distance from cable to 16.000 0.837 18.133 1.344 17.067 1.543
foot (cm)
Thigh
Circumference (cm) 48.567 5.269 45.850 5.893 47.208 5.515
Qty fat (mm) 36.833 14.289 21.889 8.926 29.361 13.781
Calf
Circumference (cm) 36.333 2.714 35.750 3.142 36.042 2.816
Qty fat (mm) 24.083 12.147 13.283 6.899 18.683 10.978
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Figure 7. (a) Theoretical knee cable forces all tests; (b) Experimental knee cable forces all tests.

Two procedures were created: the first was to test 10 individuals from the population, and the second
was to test the two remaining subjects. The first protocol tested three thigh angles, Fig. 6, (the first
between 0° and 5°, the second from 5° to 10°, and the last from 10° to 15°) only in the descent movement,
that is, flexion of the knee. The second tested the same thigh angle (around 0°) in three phases of descent

and ascent, working on knee flexion and extension.
The general testing protocol included the following:
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Figure 8. (a) Theoretical knee moments; (b) Experimental knee moments.

o Measurement of dominant leg size, the subject should be sitting with feet barefoot on the floor
and knee at approximately 90°, the examiner measured the distance from the lateral epicondyle
of the femur to the ground with a Cescorf 2 m anthropometric tape measure and 1 mm resolution;

o Measurement of leg circumference and amount of thigh and calf fat dominant using a Mitutoyo
plicometer with a sensitivity of 0.1 mm and amplitude of 85 mm reading;

The test should be performed barefoot, to avoid the extra weight of the shoe;

« Placement of the splint and the velcro connection with the cable approximately 10 cm from the
lateral malleolus and measuring the distance from the velcro to the sole with the tape measure
anthropometric;

« A position to sit in the chair in which the subject remained upright was standardized over the
hip, extra support was used to keep the thigh at the same level during the whole experiment.

For each thigh angle, a test was performed:

The thigh angle was then measured with an M-D SmartTool digital inclinometer Building
Products with 1/10th of a degree resolution, and also the cable start angle;

o The initial length of the cable up to the fastening velcro was measured with the tape measure
anthropometric;

o The knee angle was measured with a Mitutoyo goniometer with a range from 0 to 90° and
a resolution of 1°, and, after about 1 min in position, the force in the cable was measured
by the cable-driven robot, 10 measurements were obtained and an average was used for load
calculations;

o The examiner operates the robot, the leg descent, and repeated the previous step until the
maximum flexion, so the examiner changed the angle of the thigh and repeated the process.

In the case of the second procedure, after the complete descent, the examiner collected the cable to
different angles of extension, also measuring the force in the cable at each of these.

Figure 6 shows in detail the coupling of the goniometer on the leg for reading knee angles and the
velcro connection on the splint to attach the cable to the individual’s leg, and the subjects were positioned
in the same way using the thigh support, Fig. 6.
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Figure 9. (a) Cable forces for up and down in two subjects; (b) Knee moments for up and down in two
subjects.

5. Results and discussion

Table III shows the data statistics for the entire population and separation by male and female.
Tests lasted about an hour for each subject, and no repetitions were done, to avoid the physical and
psychological fatigue of the subject, which could affect the data collected [18].
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Figure 10. ANOVA test for all subjects and thigh angles.

5.1. Theoretical versus experimental force and moment

Theoretical knee versus experimental cable force (tension), Fig 7, and theoretical knee moment data
versus experimental, Fig. 8, were plotted for all ascend tests. The data obtained are fitted to a polynomial
curve of order 2.

General trends of the theoretical data can be seen in Figs. 7(a) and 8(a). Each symbol refers to an
individual, and it is possible to see that the curves of the same individual remain close, indicating a
greater influence of the weight of the lower limb on the curve and little influence of the angle of the
thigh itself.

For the experimental data, Figs. 7(b) and 8(b), there is still the presence of some tendency in the
curve shape, although there are some very different curves from this trend. This could indicate that each
subject can have a curve with different trends, which can occur for various reasons such as reading errors,
failure to relaxation the individual, or even some greater resistance encountered at an angle specific that
does not necessarily imply an error. Statistical treatment is necessary to draw deeper conclusions, which
will be presented in item 5.3.

During the performance of the tests on the cable-driven robot, there was a difference between ascent
(knee extension) and descent (flexion) movement. In theory, both movements would be equal and there-
fore would have the same force and moment results at the knee. To experimentally verify the performance
of the force in these cases, tests were performed on two volunteers (a man performed three descent and
ascent tests, and a woman performed two tests due to the long experimentation time), Fig. 9.

5.2. Flexion and extension movement

The theoretical force data for the descent and ascent were the same obviously, Fig. 9(a). In the exper-
imental force values, it can be seen that the values descents are normally smaller than those on the
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Figure 11. ANOVA for group 1, without test cut (a) and after the cut (b).
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ascent, which means that the moment at the knee varies depending on the extension-flexion movement.
The load cell hysteresis could be a reason for such a difference, but the reading of force data was always
performed after a certain stop time in a given position, which would eliminate hysteresis. This effect

may be intrinsic to the knee itself and may be analyzed further in future works.
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Figure 12. ANOVA for group 2, without test cut (a) and after the cut (b).

5.3. Statistical analysis: ANOVA test

To more reliably analyze the test data on subjects, an ANOVA test [21] on the entire data group was
made. It was considered that the sampling is random and independent, being representative following a
normal distribution.
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Figure 13. ANOVA for group 3 without test cut.

The test was performed on the force data only since the moment depends on the force. A confidence
interval of 99% is used, because there are several uncontrollable error sources in the system, such as
the possibility of movement of the individual, in addition to the non-relaxation of the muscles by the
individual.

Figure 10 shows the graphs for the entire group, where the blue graph refers to theoretical data, the
red to experimental data, and the yellow to mass data from the leg + foot in Newtons. The yellow circles
show the points where the theoretical average does not find the experimental mean, which occurred in
4 of the 35 tests (11.42% of the tests).

The result obtained, Fig. 10, shows that the theoretical mean follows the mass variation, which indi-
cates that individuals can be separated into groups by mass. Another important factor is that only 11.42%
of tests are not represented by the theoretical model which is a value small for an ideal theoretical model
(without considerations of friction, viscosity, and others); with some adjustments, these points can be
representative, and the model will be more reliable. Among these adjustments, we can mention the addi-
tion of the friction effect between the bones in the knee, and the elastic and viscous effects of the knee
components, together with the prediction of a theoretical moment that is most significant, among others.

Separating the subjects into three groups concerning the mass of the leg plus the foot, we have Figs. 11
(leg plus foot mass set of 33.91 +2.96 [N]), Fig. 12 (leg plus foot mass set of 41.97 £ 2.86 [N]), and
Fig. 13 (leg plus foot mass set of 54.88 £ 0.88 [N]).

For group 1, Fig. 11(a) shows the ANOVA for subjects 3, 4, 5, 8, 9, and 12, and the bottom shows
the ANOVA with tests 6 and 12 cutoff. The theoretical averages compared to each other are not equal,
(F = 2.5526) > (Fc = 2.1312), but they get pretty close when we remove data 6 and 12, resulting in
(F =2.4928) > (Fc = 2.2289), Fig. 11(b). Any adjustment to the theoretical curve or separation of the
groups by other factors could cause a decrease in the differences in the means, of passing the test for
that set. Even after cutting the experimental data, when compared the experimental average values are
not equal, with (F = 4.4362) > (Fc = 2.2289). This may imply that group separation by mass cannot be
the best solution; other factors must be studied to improve the distribution of subjects in groups.
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In group 2, Fig. 12(a), of subjects 1, 2, 6, and 7, the, theoretical data compared to each other and
experimental data related to each other are approved even before cutting with (F = 2.0817) < (Fc =
2.4445) and (F = 1.3869) < (Fc = 2.4445), respectively. In this way, this mass separation is validated as
representative of the entire population. Even so, contrasting the theoretical data with the experimental
results, two non-equal mean points are obtained, which indicates that the model does not fully represent
the sample. The cut of tests 3 and 7 are shown in Fig. 12(b), making the group represented by the model
developed.

Finally, the third group, Fig. 13, constituted by subjects 10 and 11, has no theoretical average points
different from the experimental average and therefore not cut. The results show that the subjects’ theoret-
ical averages forces compared were approved with (F = 0.2812) < (Fc = 3.4077), but the experimental
one has large differences from (F = 6.6373) > (Fc = 3.4077). To improve these results, we can suggest
the development of a more complex model or the separation of groups by other factors.

6. Conclusion

Through all the data acquired, it was possible to conclude that the theoretical model developed, however
simple it may be due to its hypothesis that the knee has only support components and no friction, is
valid for 88.58% of tests performed in ANOVA test analysis with a 99% confidence interval. The high
confidence interval can be lowered by developing a more complex theoretical model that may be made up
of other variables not controlled as the individual’s age, physical activity level, muscle tone, stretching,
friction between bones, and elastic and viscous effects on the knee, and other factors that may change
the constitution of the knee components.

From the ANOVA test, it was observed that there are no large differences between males and females,
and the weight of the lower limb appears to have a greater influence on cable force than other factors
such as age, and gender, among others. In mechanical way, this conclusion is function of the mass of
the limb is the only force contrary to the force in the cable. This may also indicate that the knee behaves
similarly for the entire population, regardless of their individuality. Graphics with similar shapes were
also observed in the cable forces and knee moments data, which contribute to the conclusion of similar
behavior for the entire population.

Another observed factor of the study was that there are differences between ascent (extension) and
descent (flexion) movements that need to be studied further in future works.

This theoretical model implies a theoretical moment of reference that can help the examiner to assess
the patient’s situation throughout the treatment, in addition to its improvement over time. The use of
the cable-driven robot presented in this paper can be a low-cost alternative when compared to isokinetic
dynamometry.

The representativeness of the proposed model to a healthy population is verified, enabling the build-
ing of a reference for comparison with patients in the future. The next steps of this work are the
comparison of the proposed model with others presented in the literature, dynamic measurements with
the cable-driven robot, and experimental tests with patients.
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