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SUMMARY
In this paper, a parametric analysis of the inverse dynamics of an upright partially unloaded walking
is performed. This motion is produced through a gait-training machine emulating the over-ground
walking using a body weight support mechanism and a cable-driven robot. The input motion is the
kinematics of a normal gait, and the ultimate output result is the required tensions to be generated
by the cable robot in order to drive the lower limb. The dynamic analysis is carried out based on the
Newton–Euler approach. A Matlab Simscape model is also built to validate the analytical results.
The obtained dynamic model is used to investigate the effect of the variation of the gait simulation
parameters on the actuation wrench and the cable tensions. The obtained results could be used to
determine the optimal design of the gait trainer actuators and they are useful in estimating optimal
gait training parameters.

KEYWORDS: gait analysis, cable-driven robots, gait training, partial unloaded walking, Newton–
Euler, Matlab Simscape

1. Introduction
The Human gait analysis has been widely investigated in various applications: identification of gait
pathologies, fall risk, evaluation of neurological diseases and rehabilitation progress, therapy design
for impaired subjects, design of orthoses and prosthetics.1−5 Generally speaking, gait analysis includes
two parts: motion analysis and motion simulation. The first one consists of acquiring quantitative
kinematic and dynamic data. These data can be post-processed to yield information about the gait
of a patient. The motion simulation requires a biomechanical model of the lower limb, which allows
the simulation of the movement of interest.6,7 These movements are, usually, activities of daily living
such as walking, running, climbing and jumping.8

One of the most common systems for motion tracking is based on a set of cameras and reflective
skin markers. The cameras simultaneously film the marker, which allows the tracking of its position
during the motion. Other motion capture devices can be used such as 3D depth cameras (e.g.,
Kinect10), inertial measurement units (accelerometer and gyroscope), goniometers and tapes, markless
camera-based systems and electromagnetic tracking systems.11 In some cases, a force plate is
used to record the ground reaction force (GRF) during the motion.9 In-sole pressure measurement
sensors or pressure mats12 could also be used as an alternative to force plates. Electromyography
(EMG) is also used to access the muscle activities, which can give an estimate of the GRF. These
kinematic and dynamic measurements are used to validate the complex models required to describe
the kinematic and dynamics of the lower limb.13,8 Some of these models address only the skeletal
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system,7 whereas others, more complex, address the musculoskeletal system to include the muscles’
forces in the dynamic model.3 Some authors propose to include the control system, which leads to a
neuromusculoskeletal model.5

In this paper, the design of a gait training machine called the cable-driven legs trainer (CDLT)14 is
proposed. Such a device is used for the rehabilitation of patients having a gait disorders. In general, for
neurological deficits (SCI or Stroke) where motor/sensory functions are partially preserved, intense
and task-specific practice of the gait stepping motion allows the recovery of independent over-ground
walking.15 The use of cable robots in gait rehabilitation is motivated due to their versatility and their
low cost. Indeed, the same mechanical design can be easily adapted to rehabilitate small children or
tall elder person. Furthermore, modifying the structure, e.g., adding or removing cables, allows the
user to easily modify the degree of freedom (DOF) of the system to adapt it to his need.

The first task in this work is to perform an inverse dynamic simulation of a gait using the CDLT.
The human body is modeled as a planar multi-segment mechanism. Furthermore, inertia and length
specifications of each segment are obtained from anthropometry.6,16 The estimation or prediction of
the GRF has been widely investigated in the literature.9,17−21 In this work, the approach presented in
refs. [6] and [13] will be used; the measured kinematics parameters and the GRFs are used as input
data for the human body model in order to estimate the required actuation wrench. The HuMoD open
database is post-processed for this purpose, i.e., to get the kinematic and dynamic data.8 Moreover, one
fundamental issue is to solve the double stance redundant problem.21 In such a case, the upper body
load is divided between the two feet. Several approaches have been investigated to solve this issue such
as the shift function,17 the smooth transition assumption18 and the detailed contact model.21 In our
case, based on the measured vertical GRFs of the right and left feet, a shift coefficient is computed in
order to define the amount of force for each limb. The obtained dynamic model is simulated using two
methods: Newton–Euler (N–E) approach22 and Matlab Simscape. Further, two simulation scenarios
are presented: on-ground walking and off-ground walking.

The paper is organized as follows: In Section 2, a dynamic model of the human body is presented.
Then, the free-body diagram and the dynamic equations are given in Section 3. A dynamic simulation
using Matlab Simscape is investigated in Section 4. Computation of the cable tensions is given in
Section 5. In the last section, the effects of changes in gait simulation parameters on the actuation
wrench and the cable tensions are discussed.

2. Dynamic Modeling
The CDLT is a cable robot-based gait training machine shown in Fig. 1. It includes

(a) a passive elastic body weight support device (BWSD)23 to suspend the patient in a vertical posture
while applying a certain amount of unloading,

(b) a cable-driven leg manipulator (CDLM) to move the lower limb in the sagittal plane through the
leg’s orthosis (O), which is controlled by four cables and

(c) a treadmill (T) to allow the forward movement of walking. For a detailed description of the CDLT,
the reader is referred to ref. [14].

As depicted in Fig. 2(a), the body is represented by a planar four-link mechanism, representing
the upper body (known also as HAT segment13), the thigh, the leg and the foot. The joint between the
trunk and the fixed frame is modeled as a prismatic joint. For the hip, the knee and the ankle, they are
modeled as revolute joints.

Based on anthropometry,6 the geometry of the lower limb is written as a function of the body
height h (Fig. 2(b)). C1,C2 and C3 are the centers of mass (CoM) of the thigh, the leg and the foot,
respectively. Furthermore, H, K and A are joint centers of the hip, the knee and the ankle, respectively.
All points are defined in relation to their local coordinate systems and the global reference frame is
O, x0, y0. The mass and moment of inertia of each segment are also determined as a function of the
body mass m and/or height h (Fig. 2(d)).

It is important to mention that the following assumptions were made:

• All the joints are considered passive and frictionless;13 thus, there are no transmitted torques.
• There is no relative motion between the orthosis and the leg.
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Fig. 1. Diagram of the cable-driven legs trainer (CDLT).

Fig. 2. Dynamic modeling of the human body (SI unit).

• The lower limb kinematics is the same as during a normal walking. Furthermore, even when the
ankle joint is not actuated, the same general trajectory is observed.24

The main external loads acting on the human body are (Fig. 2(c)) as follows:

• Fun, the unloading force produced by the BWSD,
• Rgr, the GRF applied at the sole of the foot,
• Flr , the footlifter force acting between the leg’s orthosis and the foot which can be neglected,
• Fcdr and Mcdr, the resultant wrench, which is the actuation unknowns of the inverse dynamic

simulation.
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Fig. 3. Gait kinematics and dynamics.

The desired performance or the input information of the inverse dynamic simulation is the kinematics
of a recorded normal gait, whereas the output result is the required actuation wrench applied through
the leg orthosis.

In order to get the gait kinematics and dynamics for different speeds, the HuMoD open database8 is
employed. The curve representing the straight walking data, as a function of time, for a male subject
is smoothed using a fifth-order Butterworth filter. Figure 3 depicts joint trajectories of the pelvis, the
hip, the knee and the ankle, and further, the vertical (NRv) and the anterior–posterior (NRap) GRFs.
The three different walking speeds correspond to times of gait cycle (tgc) of 1.1 s, 0.96 s and 0.82 s,
respectively.

It is worth mentioning that for gait training, two scenarios have to be considered: the off-ground
walking and the on-ground walking. The first happens at the beginning of a training session when
some cycles of an off-ground walking are achieved for familiarization. The sole of the foot is 0.1 m
above the treadmill when the lower limb lies vertically. Then, the on-ground walking takes place.

3. Newton–Euler Approach
The following description is carried out with the involvement of one limb. The free-body diagram of
the human body is shown in Fig. 4. It depicts all applied forces on the upper body, the thigh, the leg
and the foot. The main external and inter-segmental forces are as follows: the unloading force Fun,

the upper body force Fub, the thigh force Fth, the foot force Fft and the GRF Rgr.

1228

https://doi.org/10.1017/S0263574718000711 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574718000711


Parametric dynamic analysis of walking within a cable-based gait trainer

Fig. 4. Free-body diagrams of body segments.

Fig. 5. Curve of α coefficient.

One shall note that the equilibrium equations are written at the CoM of each segment; thus, moments
of the gravity forces are zero. Furthermore, the transmitted torque from one segment to another, around
the axis of the joint, is taken as zero, since the joints are assumed to be passive. The investigated N–E
equations are solved recursively in order to get the actuation wrench. In the following, the dynamic
analysis is given for one lower limb; however, the effect of the opposite limb is taken into account.

During the walking phase, the upper body is assumed to be translating along the vertical direction.
The equilibrium of the upper body can be written as follows:

Fun − (1/α) · Fub+Wub + Woth = (mub + mth ) · aub (1)

where Fun is the unloading force, Wub is the weight of the upper body, Fub is the current thigh force,
Woth is the weight of the opposite thigh and aub is the upper body acceleration.

The opposite leg and foot are assumed to be balanced by the opposite orthosis; thus, in Eq. (1),
only the thigh mass mub is considered. In addition, the unloading force Fun, applied by the suspension
system on the upper body through the harness, is given as follows:

Funy = (k/2) · (y0 + �y/2) such that y0 = (BWS · g · m)/(k/2) (2)

where k = 4 N/m is the total springs constant, g = 9.81 m/s2 is the gravity acceleration, m is the body
mass and �y is the pelvic displacement (see Fig. 3). The springs offset y0 is calculated based on the
desired amount of unloading BWS; therefore, the spring pre-tension force is the mean value of the
unloading force.

The term (1/α) · Fub represents the force transmitted from the HAT segment to the current thigh.
α is a shift coefficient that defines the support of body weight of one limb [17]. α is equal to 1 during
single limb stance and zero during swing time. During the walking, α varies from 0 to 1, based on
the ratio between left and right vertical reactions of the feet:α = (NRv right

+ NRv left )/NRv right
. Figure 5
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Fig. 6. Matlab Simscape model.

shows the change of this factor along with the variation of NRv of the feet over one gait cycle for
different gait cycle times.

Combining Eqs. (1) and (2) yields the upper body force Fub for a given amount of unloading BWS.
The details of the calculation are given in Appendix A.1.

The dynamic model of the thigh segment is given as follows:

Fub − Fth+Wth = mth · ath

Mub − Mth = Ith · ω̇th
(3)

where Wth, mth, Ith, ath and ω̇th are the weight, the mass, the moment of inertia, the linear acceleration
of the CoM and the angular acceleration of the thigh segment, respectively. The system of linear
equations (3) is solved to obtain the expression of Fth (see Appendix A.2) exerted by the thigh on the
leg.

Moving to the foot segment, the applied forces are as follows: the GRF Rgr, the foot weight Wft,
the thigh force −Fft and the footlifter force Flr . The equilibrium of the foot can be written as follows:

−Fft − Flr+Rgr+Wft=mft · aft

−Mft − Mlr+Mgr = Ift · ω̇ft
(4)

where mft, Ift, aft and ω̇th are the mass, the moment of inertia, the linear acceleration of the CoM and
the angular acceleration of the foot segment, respectively.

The ground force Rgr is calculated as follows:

Rgr = Wn · NRgr such that Wn = (m + mor − mlg − mft ) · g − Funy and NRgr = (
NRv NRap

)T
(5)

Note that Flr is only active during the swing phase and it is computed based on the moment
equilibrium. Therefore, the solution of the foot force Fft is given in Appendix A.3.

Considering the leg segment, its equilibrium, provided in Eq. (6), is marked by the terms of the
actuation wrench Fcdr and Mcdr. The evaluation of Eq. (6) allows to obtain the expression of the
actuation wrench (see Appendix A.4):

Fth+Fft+Wlg+Wor+Flr+Fcdr = (mlg + mor ) · alg

Mth+Mft+Mlr+Mcdr = (Ilg + Ior ) · ω̇lg
(6)

One shall note that, during gait simulation, linear and angular accelerations are obtained through
numerical differentiation of the pose equations of body segments (see Appendices A.5, A.6 and A.7)
using the kinematics of a normal gait (see Fig. 5(a)).

4. Matlab Simscape Model
In this section, we present the Matlab Simscape model of the lower limb. The first step in model
development is the creation of body parts and the definition of joints. The developed Simscape model
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Fig. 7. Leg pose trajectory during a gait cycle for h = 1.7 m and tgc = 0.96 s.

is shown in Fig. 6. As well as the kinematic model shown in Fig. 2 represents the following: the “upper
body” has a prismatic joint with the fixed frame “base” and the body segments (“upper body”, “thigh”,
“leg + orthosis” and “foot”) are articulated with three revolute joint blocks: “hip joint”, “knee joint”
and “ankle joint”. Moreover, geometric and inertia specifications are, carefully, written into the body
blocks.

Next, the external forces are applied according to the formulation investigated in Section 2. The
unloading force “Fun” is computed in the block “BWSD” in relation to a desired unloading “BWS”
using Eq. (2). Knowing the position of the placement points P1 and P2, the footlifter force “Flr” is
computed based on the moment equilibrium of the foot weight about the ankle joint. The GRF “Rgr”
is computed using Eq. (5) and it is applied on the foot segment. Finally, by inputting the curve of the
α coefficient (Fig. 4), the action of the upper body force on the thigh is computed inside the block
“upper body”.

In order to obtain the actuation wrench, the used method is to actuate the lower limb through an
active joint “three-DOF planar joint” placed at the leg CoM; however, for the other joints, they are kept
passive. This custom joint has two linear and one rotational DOFs taking place in the sagittal plane.
The data of the block “lower limb kinematics” (Fig. 5(a)) are fed to the block “leg pose trajectory”, in
which the leg trajectory (Fig. 7) is computed using equations of the leg pose given in Appendix A.6
and then sent to the leg segment for actuation.

By running the simulation, the actuation wrench (Fcdr, Mcdr) is computed by the solver inside the
“three-DOF planar joint” block and this information is collected from the block “actuation wrench
(Fcdr, Mcdr)”.

It is worth mentioning that the developed model is parameterized, i.e., the parameter values of
blocks can be set in the command line. Thereby, all the lengths and inertial specifications of the
human body can be easily changed through the script.

5. Cable Tensions
So far, the required wrench is determined using two approaches, the next step is to compute the cable
tension capable of producing these forces. To this end, one shall write and solve the end-effector/cables
equilibrium problem, shown in Fig. 8. The end effector (orthosis) is controlled by four cables that go
out from exit point Ai and are connected to the attachment points Bi. The location of the points Ai and
Bi are given with respect to reference frames O, x0, y0 and C2, x2, y2, respectively. As aforementioned,
we assume that the orthosis is fixed relative to the leg, and thus the points Bi have known locations
with respect to the leg frame. The locations of the cable exit points, the cable interference problem
and the non-negative cable tension condition were determined in a previous work by the authors.14

The equilibrium of the end effector can be as follows:

W t = f (7)
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Fig. 8. Specifications of the cable robots.

Fig. 9. The actuation wrench (right) and cable tensions (left) during on-ground walking (Newton–Euler (N–E)
and Simscape (SM)).

where W =
(

d1 · · · d4

b1 × d1 · · · b4 × d4

)

, di = BiAi/‖BiAi‖ , bi = C2Bi, t = (t1, ..., t4)T is the column

vector of the cable tensions and f = (Fcdrx, Fcdry, Mcdrz)T is the column vector that represents the
external loads (forces and moments). The W matrix is known as the force-moment transformation
matrix25 or the structure matrix26 and it maps the forces from the cables space to the Cartesian space
(loads acting on the robot’s effector).

The matrix W is non-square since the robot is redundant; thus, the cable tensions are computed
through a linear programming minimization procedure, defined as follows27:

min

(
4∑

i=1

ti

)

subject to W t = f & ti ≥ 0 (8)

The optimization problem (8) minimizes the sum of the cable tensions while ensuring that the
equilibrium is achieved and the tensions in the cables are within admissible values. Another possible
method is to employ the Moore−Penrose pseudo inverse of redundant manipulators.28

6. Results and Discussion
A case study consisting of a body having a weight m = 100 kg and a tall h = 1.7 m will be used to
illustrate the proposed method. Based on anthropometric specifications presented in Fig. 2, all the
geometric and inertia data were obtained. Furthermore, the amount of unloading is BWS = 50% and
the time of gait cycle is tgc = 0.96 s. Figure 9 shows the plots of the actuation wrench using the two
solving approaches, i.e., N–E equations and Simscape model (SM). Results of both approaches are
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Fig. 10. Actuation wrench in response to the variation of gait training parameters.

consistent, only a small difference can be observed. Besides, using the optimization procedure (8)
and the actuation wrench data, the tensions are computed and presented in Fig. 9.

The effect of varying the gait simulation parameters (tgc, m, h and BWS) will be discussed in this
section. Figure 10 shows the actuation wrench while the training parameters are varied: time of gait
cycle (tgc = 0.82 s, 0.96 s and 1.1 s), body weight (m = 80 kg, 100 kg and 120 kg), body height
(h = 1.5 m, 1.7 m and 1.9 m) and unloading percentage (BWS = 30%, 50% and 70%). Note that one
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Fig. 11. Actuation wrench for on-ground walking and off-ground walking.

parameter is varied, while the others are kept at their nominal values given as the following: tgc =
0.96 s, m = 100 kg, h = 1.7 m and BWS = 50%.

Increasing tgc causes the actuation wrenches and the walking speed to increase. The same trend is
observed when the body weight m is increased. One can confirm that the mass and the acceleration
are determinant factors in the dynamic behavior of the system. Concerning the impact of the body
height h, one can notice that Fcdrx increases slightly, Fcdry is practically invariant, and Mcdrz varies
slightly in response to an increase in height. An increase in the body weight unloading BWS does not
produce any change in Fcdry; however, Fcdrx and Mcdrz show a net increase in their values. For the
last case, one can observe that the wrench is the same during the swing phase (gait > 68%) since the
current lower limb is above the ground; thus, there is no unloading.

The effect of the on-ground/off-ground scenarios is shown in Fig. 11. One can notice that over
the swing phase, the on-ground and off-ground curves have almost the same behavior, since in both
simulations, the limb is above the ground. The pelvic motion, which is only active for the on-ground
case, induces a small difference between the two curves. When comparing both actuation moments
Mcdrz, it is clear that the required torque is higher for the on-ground walking due to the need to resist
the effect of the ground reaction. Conversely, Fcdrx is not sensitive to the ground reaction. In addition,
for the off-ground case, the Fcdry component is always positive; therefore, an upward force is required
to maintain the leg in the air. Therefore, this force is more influenced by the off-ground walking.

In what follows, the effect of varying the gait training parameters on the cable tensions (Fig. 12) is
investigated. The decrease in tgc, i.e., the increase in gait speed, leads to an increase in the tension for
cable 2. For the other cables, tensions increase only when tgc goes from 1.1 s to 0.96 s, and a drop is
observed for 0.82 s regarding cable 1 and cable 3. Afterwards, when augmenting the mass m, tensions
raise gradually for all the cables. Regarding the body height h, its effect is quite small except for cable
2. Furthermore, increasing h leads to a slight increase in the tension of cable 1 and a slight decrease in
the tension of cable 3. Finally, due to the absence of unloading during the swing phase, the tensions
increase as the unloading BWS decreases, especially for cables 2 and 3. For the on-/off-ground cases,
Fig. 13 shows that the tensions are similar during the swing time and throughout the stance period.
One can also notice that the required tensions are higher for the on-ground scenario, except for
cable 1.

So far, single effects are discussed. Hereafter, the combined effects between gait simulation
parameters are investigated with respect to the maximum tension (tm). Previously, we concluded
that the effect of the height h is relatively small, compared to the effect of the other three parameters,
i.e., tgc, m and BWS. Therefore, the effect of tgc, m and BWS is computed first (Fig. 14) and then
that of tgc, m and h (Fig. 15).

Figure 14 shows that higher tgc and lower BWS are major determinants; this result is in agreement
with the plot presented in Fig. 13. Considering cables 1 and 4, the maximum tension is obtained for a
mass of around 100 Kg. For cables 2 and 3, a monotonic increase in the maximum tension is noticed
with the increase in the mass. Figure 15 confirms the previous result, which is the small influence of the
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Fig. 12. Cable tensions in response to the variation of gait training parameters.

height on the maximum tensions in the different cables. From a design point of view, the presented
results could help the designer in the selection of the CDLT actuators. The scenario of a mass of
100 kg, a height of 1.9 m and an unloading of 70% could be considered as the case requiring the
maximum torques from the actuator spooling cable 1.

Moreover, the obtained results are helpful for clinicians in estimating the optimal gait training
parameters. Indeed, by means of musculoskeletal models, some effects may be estimated, e.g., the
effect of the BWS or the tgc on the muscular activity,29 and also their effects on a patient with a
knee osteoarthritis.30 Muscle activation is a major indicator to assess the quality of rehabilitation.
Commonly, this information is provided using EMGs. In our case, by addressing a muscular model
of the lower limb, the joint torques and the muscle forces could be retrieved.

To reach this goal and as a future work, models, addressing the relationship between the muscle
activities and the actuation wrenches and the cable tensions, are being developed by the authors.

7. Conclusions
A dynamic simulation and a parametric analysis of an unloaded walking within the CDLT were
investigated and described. The target information was the actuation wrench, and consequently, the
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Fig. 13. Cable tensions for on-ground walking and off-ground walking.

Fig. 14. Maximum tension as a function of tgc, m and BWS.

cable tensions required to drive the lower limb. The N–E approach was implemented to solve the
dynamic problem. A Matlab Simscape model was also built to validate the analytical results. The gait
simulation parameters, i.e., the gait cycle time, the body weight, the patient height and the unloading,
were varied in order to observe their effect on the actuation wrench and the cable tensions. Furthermore,
combined effects on the maximum tension in the cables were also investigated.

Ongoing works are being carried out to develop musculoskeletal model, which allows the estimation
of the activity and contribution of the muscles during the training using the CDLT.
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Fig. 15. Maximum tension as a function of tgc, m and h.
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Appendices

A.1. Upper Body Equilibrium

Fuby = α · (−(mub + moth ) · g + k((m · g · BWS)/k + �y/2) − (mub + moth ) · auby)

A.2. Thigh Equilibrium

Fthx = −(Ith|ω̇thz − (C1H )x · Fuby + (C1K )x · Fuby + (C1H )y · athx · mth − (C1K )x · athy · mth

− (C1K )x · g · mth )/((C1H )y − (C1K )y)

Fthy = Fuby + athy · mth − g· · mth

A.3. Foot Equilibrium
Stance phase

Fftx = −aftx · mft − Rgrx · (Funy − g · (m + mor − mlg − mft )m)

Ffty = −afty · mft − g · mft − Rgry · (Funy − g · (m + mor − mlg − mft )m)
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Flr = ‖Flr‖ · (P1P2/ ‖P1P2‖) suchthat ‖Flr‖ = 0

Swing phase

Fftx = (Ift · (P1P2)x· · ω̇ftz + (C3A)x · (P1P2)x · afty · mft − (C3A)x · (P1P2)y · aftx · mft + (C3P2)x

·(P1P2)y · aftx · mft − (C3P2)y · (P1P2)x · aftx · mft + (C3A)x · (P1P2)x · g · mft )/(C3A)x · (P1P2)y

−(C3A)y · (P1P2)x − (C3P2)x · (P1P2)y + (C3P2)y · (P1P2)x )

Ffty = (Ift · (P1P2)y · ω̇ftz + (C3A)y · (P1P2)x · afty · mft − (C3A)y · (P1P2)y · aftx · mft + (C3P2)x

·(P1P2)y · afty · mft − (C3P2)y · (P1P2)x · afty · mft + (C3A)y · (P1P2)x · g · mft + (C3P2)x · (P1P2)y

·g · mft − (C3P2)y · (P1P2)x · g · mft )/((C3A)x · (P1P2)y − (C3A)y · (P1P2)x − (C3P2)x · (P1P2)y

+(C3P2)y · (P1P2)x )

Flr = ‖Flr‖ · (P1P2/‖P1P2‖) such that

‖Flr‖ = −(Ift · ω̇ftz + (C3A)x · afty · mft − (C3A)y · aftx · mft + (C3A)x · g · mft )/((C3A)x · (P1P2)y

− (C3A)y · (P1P2)x − (C3P2)x · (P1P2)y + (C3P2)y · (P1P2)x )

A.4. Leg Equilibrium

Fcdrx = algx · (mlg + mor ) − Flrx − Fthx − Fftx

Fcdry = g · (mlg + mor ) − Flry − Fthy − Ffty + algy · (mlg + mor )

Mcdrz = ω̇lgz · (Ilg + Ior ) − (C2A)x · Ffty + (C2A)y · Fftx − (C2P1)x · Flry + (C2P1)y · Flrx

− (C2K )x · Fthy + (C2K )y · Fthx

A.5. Thigh Pose

⎛

⎜
⎝

0C1x

0C1y

φth

⎞

⎟
⎠ =

⎛

⎜
⎝

−C1y · sin(θhip)

Hy + C1y · cos(θhip)

θhip

⎞

⎟
⎠

A.6. Leg Pose

⎛

⎜
⎝

0C2x

0C2y

φlg

⎞

⎟
⎠ =

⎛

⎜
⎝

C2y · sin(θknee − θhip) − Ky · sin(θhip)

Hy+Ky · cos(θhip)+C2y · cos(θknee − θhip)

θhip − θknee

⎞

⎟
⎠

A.7. Foot Pose

⎛

⎜
⎝

0C3x

0C3y

φft

⎞

⎟
⎠ =

⎛

⎜
⎝

C3x · cos(θknee − θankle − θhip) + C3y · sin(θknee − θankle − θhip) − Ky · sin(θhip)

+ Ay · sin(θknee − θhip)Hy + C3y · cos(θknee − θankle − θhip) + Ky · cos(θhip)

−C3x · sin(θknee − θankle − θhip) + Ay · cos(θknee − θhip)θhip − θknee + θankle

⎞

⎟
⎠
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