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Trajectory optimization and control of a free-floating two
arms humanoid robot
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An optimization algorithm for planning the motion of a humanoid robot during
extravehicular activities is presented in this paper. The algorithm can schedule and plan the
movements of the two robotic arms to move the humanoid robot by using the handrails
present outside the international space station. The optimization algorithm considers the
eventual constraints imposed by the topology of the handrails and calculates the sequence of
grasping and non-grasping phases needed to push and pull the robot along the handrails. A
low-level controller is also developed and used to track the planned arms and end-effectors
trajectories. Numerical simulations assess the applicability of the proposed strategy in three
different typical operations that potentially can be performed in an extravehicular activity

scenario.

I.  Introduction
Extravehicular activities represent one of the most dangerous and challenging activities currently performed on
the International Space Station (ISS) [1]. Astronauts are periodically called to venture outside the ISS to perform
maintenance and upgrade tasks. To accomplish such operations, astronauts require specific training sessions before
the mission, utilize complex safety and life support equipment during the activities and work for several hours in an

unfriendly environment, eventually subjected to space debris and space radiation [2][3].
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Future and under-development missions will require extensive use of on-orbit assembling and manufacturing to
build, for example, new human exploration facilities, such as the Lunar Gateway [4][5] and large commercial
infrastructures, such as the Vast Satcom Antennas [6]. The on-orbit assembling of such infrastructures will involve
complex tasks with strict reliability, efficiency, and safety requirements. The utilization of astronauts performing
some extravehicular activities is still considered a viable option, but it is challenged by the numerous technical and
technological limitations [5]. The utilization of autonomous robots is indeed a preferable option, especially for tasks
where operations are repetitive, structured and standardized. On the other hand, it is also evident that robots will
operate with tools and in environments strongly characterized by human presence: screwdrivers, brackets and pliers,
as well as handles and handrails, are made to be easily used by human operators or astronauts. For this reason,
humanoid robots appear to be preferable over other kinds of robotic systems in such kinds of scenarios. During its
long lifetime, the ISS hosted numerous humanoid robots. Robonaut 2, developed by NASA and General Motors,
was the first humanoid robot on the ISS in 2011 [7]. The Jaxa's Kirobo was launched to the ISS in 2013, followed by
the European Crew Interactive Mobile CompanioN (CIMON), developed by the German Aerospace Center (DLR)
and Airbus and launched in 2018 [8], and the Russian Skybot F-850 "Fyodor", developed by Roscosmos and tested
on the ISS in 2019 [9]. Moreover, other robotic astronaut assistants, such as Spheres and Astrobee, were or are
currently utilized onboard the ISS, respectively [10][11][12]. None of these robots was tested in an extravehicular
activity scenario, but future robotic missions, such NASA's Valkyrie, will have improved autonomy and will also be
tested outside the ISS [13].

This paper assumes that extra-vehicle activities can and will be performed by humanoid robots soon and, for this
reason, an investigation over possible control and path planning strategies appear justified. This paper proposes and
investigates strategies that can be used to plan the motion and control humanoid robots in some elementary tasks
that characterize extravehicular activities. The humanoid robot taken into account is a torso (body) with two arms
and two grippers at their extremities. Specifically, this study addresses the problem of robot's motion on the complex
system of handrails and handles that characterize the ISS. It is assumed that the humanoid robot is not equipped with
any auxiliary thruster system, and therefore, it is supposed to crawl over the handrails and handles outside the ISS.
Such a complex task has been divided into two elementary sub-tasks: motion planning and tracking. First, an

optimization procedure is presented to plan and coordinate the robot's arms motions and graspers to achieve the



ISS's desired location using handrails. Then, a controller is proposed to guarantee that the robots' actuators can
follow these previously generated trajectories.

The path planning problem is solved by developing a new approach that considers both the kinematics and
dynamics of the robot moving among the handrails. Such an approach considers the robot's free-floating and
frictionless conditions in space, especially when the handrails are not grasped, and the contact dynamics when the
robot manipulates the handrails. The problem of motion planning has been previously addressed in other
applications, e.g. locomotion of biped robots. However, the application to the space scenario seems to offer specific
challenges that make the problem attractive. Within this field, we should mention previous works that use an
optimization-based trajectory planning method for free-flying spacecrafts [14] and for free-flying space
manipulators [15][16]. In these previous works, sequential convex programming is used to find a local kinematically
feasible path. Other previous works about locomotion used simplified robot dynamics like the linear inverted
pendulum model to generate robot motion plans, mainly for biped robot walking trajectory generation (see e.g. [17]
and [18]). In order to avoid the limitations of this kind of model, centroidal dynamics or rigid body dynamics models
were used within the optimization problem to generate dynamically feasible paths. For example, an optimization
algorithm is proposed in [19] to generate the optimal sequence of movements of a biped robot to climb stairs, also
using handrails. In [19] a method is proposed to find the feasible center of mass trajectories and contact forces for a
humanoid robot. The grasping sequence is previously defined, and the trajectory and contact forces are generated
from a predefined contact set. On the other hand, the algorithm proposed in this paper automatically generates the
handrail’s grasping sequences and calculates the eventual contact forces and trajectory followed by the center of
mass. These approaches based on centroidal dynamics have been proved to be valid to generate complex motions in
humanoid robots generation impressive and realistic motions [20] [21]. Other approaches use two-step approach:
first, to solve the kinematic path planning problem and then to compensate for the eventual robot's unbalancement
by correcting the pose of the robot by considering the centroid and contact dynamics (see e.g. [21] and [22]). The
path planning problem for a climbing application of a two-arms robot is presented and solved in [23]. The adopted
solution uses a Lagrangian formulation of the dynamics for the motion scheduling phase. Thanks to this approach,
the robot can be maneuvered to accomplish vertical-up and tilted or horizontal climbing tasks. Another kind of
methodologies uses optimization tools for generating goal-directed robot motions. Differential dynamic

programming [24] tools or Linear—quadratic regulator (LQR) based methods such as Iterative or Sequential Linear



Quadratic Programming [25] have been used to directly solve robot path planning problems. In [26], the linear
quadratic regulator and rapidly-exploring randomized trees (LQR-RRT*) are proposed for the motion planning and
control trajectories for a robotic Astrobee free-flyer. This method provides the on-orbit free-flyer with the ability for
on-orbit manipulation, avoiding collisions for the on-orbit assembly of space structures.

In order to define the adequate approach for robot planning, it is necessary to determine the required behaviour
and optimization criteria to accomplish a specific proposed task. First, the arm motions shall be automatically
generated by the planner. Within the field of space robotics, we should mention works such as [27], where the
motion planning of a dual-arm is performed by using deep reinforcement learning. A trigonometric spline function is
used to plan the ascending spiral trajectory of a space manipulator in [28]. In [29] and [30], an optimal motion
planning and control scheme is presented for a space manipulator to achieve momentum dissipation of a grasped
tumbling satellite in minimum time or minimum energy. The motion planning problem of dual-arm space robot
manipulators in the presence of external forces and moments acting on the space robot system is also addressed in
[31]. A quantum genetic algorithm is used in [32] to solve the optimization problem to attain the optimized joints'
trajectories in a similar scenario. A particle swarm optimization algorithm has been developed in [33] to address the
motion planning problem and the minimization of base disturbances for six degrees of freedom space manipulator.
In the presented paper, a trajectory optimization formulation is also presented but applied to determine a two-arm
robotic system's motions that automatically determine the grasping positions, arms trajectories, grasping times, and
body motion. A non-linear programming solver is used to generate complex trajectories to achieve a given desired
location for the robot body using the arms motion grasping trajectories.

Optimization strategies have also been used to solve specific issues that characterize humanoid robots. A
covariance matrix adaptation evolution strategy is proposed in [34] to plan the motions of a quadruped robot. In
[35], a sequential linear quadratic programming method is applied into a model predictive control loop for actuating
a humanoid robot. The approach described in this paper is based on [36]. Such a strategy allows for the definition of
the motion with no previous knowledge of the eventual favorable contact points. The planner automatically defines
the grasping points on the handrails of the ISS and the timings, the arm motions (avoiding collisions and taking the
robot kinematics and dynamics into account), the 6 degrees of freedom torso motion and the required contact forces
over handrails. To do this a new nonlinear programming formulation is proposed that takes into account the robot

kinematics and dynamics. In addition, this paper proposes a controller for tracking the planned trajectories obtained



from the solution of the non-linear programming problem. The undesirable disturbances to the robot’s body due the
manipulator motion must be considered in the definition of these controllers [37]. Some authors propose the use of
reaction wheels and to study the dynamic equations with the contribution of reaction wheels to the angular
momentum [38][39]. In this paper, an optimal control approach is proposed for tracking the previously generated
trajectories. This approach allows for tracking trajectories considering the optimization of the motor commands with
respect to a specified metric.

The remaining part of the paper is divided into the following sections. Section 2 describes the system dynamics
and the proposed simulation system. The motion planning problem and the nonlinear programming formulation used
to solve the problem are described in Section 3. Section 4 develops and demonstrates the stability of the direct visual
servoing controller for the tracking of the previously generated trajectories. Simulation results, showing the
applicability and robustness of the proposed approach in selected test case scenarios, are described and commented

in Section 5. Concluding remarks and future areas of development are presented in Section 6.

1L System architecture and dynamics

Figure 1 shows a three-dimensional representation of the proposed scenario. A humanoid robot is supposed to
perform extravehicular activities (EVA) outside the ISS. The humanoid robot has two arms with seven degrees of
freedom each and grippers at their end-effectors; the joint coordinates of both arms are denoted as q,, q, € R",
where n="7. The head of the robot hosts a range camera, which can be used to determine the positions of the
handrails and grasping points. Different handrails are located on the exterior of the ISS, as shown in Fig. 1. This
paper presents the planning and control of the trajectories of the robot's arms to alternative grasp the handrails using
both hands to achieve a desired location on the ISS. Figure 1.b also shows the robot's body coordinate frame B,
located at the torso center. The robot center of mass position and attitude coordinates (Euler angles) with respect to
the inertial coordinate frame are denoted as r and 0. It is assumed that the robot is close enough to the ISS so that

the arms can achieve the handrails, and there is no need of using any other form of locomotion.



Fig. 1 Simulation system. a) ISS representation. b) Humanoid robot grasping an ISS handrail.

The full kinematics of the robotic system is defined by the vector € = [rT, 87, q7, q%]7, where 8 contais the yaw,

pitch, roll Euler angles representing the orientation of frame B with respect the inertial coordinate frame.

T
Additionally, vf = [f‘? T, w? T] € RO denotes the twist of the manipulator i (i = 1, 2) end-effector coordinate frame

with respect the robot’s body coordinate frame, B; #’€ R* and w?€ R* are its linear and angular velocity
components respectively. The mapping between v? and the time derivative ¢; of the joint positions of the
manipulator i is given by:

v =J7(q)4; (1)
where J?€ RO is the so-called geometric Jacobian of the robot manipulator. In order to control both robot arms
end-effectors, the following vector is considered v = [v}, vT, vT]", where v; are the corresponding twist collecting
the absolute linear and angular velocities of each end effector frame with respect the inertial frame, and v, is the

linear and angular velocities of the robot body. The corresponding differential equation is:

v=](e)é 2

where J = diag(I3, Ty, R,J?, RpJ5)€ R'$*©+2M) with R, = diag(R,, R,), R, is the rotation matrix between the
base and inertial frame, I, denotes the aX« identity matrix, and T}, is the 3X3 transformation matrix between the

time derivative of 8 and the correspondent w:



Cos(Gy)cos(HZ) —sin(6,) 0][é,

w=T,00)0= cos(Qy)sin(QZ) cos(6,) O Qy 3)
—sin(¢y) 0 1]L6,
@=T,(00)0+T,(0)8 “)

With respect the system dynamics, this information provides a relationship between the acceleration and forces
and torques in both the robot’s body and manipulators. More specifically, the system dynamics relates the linear and
angular accelerations of the robot body v, = [#7, ®"]"€ R’ expressed in the Inertial coordinate frame, the joint
accelerations of each manipulator, ¢;, with the forces and torques exerted on the robot body expressed in the Inertial
frame, and the torques applied on each robot manipulator joints, T; € R". When only a free-floating robot
manipulator is considered, the free-floating dynamics is described in detail in [42]. In our case, two robot
manipulators are considered and both manipulators’ dynamics can be combined in the following expression:

M rr M rl M 2 Cr

u—u,= (M, My 0 |é&+ [cl] 3)

M7, 0 My C2
where u is the input vector and u, = JTh, shapes the effects of generalized external wrench h, = [f7, fT, 517 at
joint level, with f; the external wrench action of each arm (see Fig. 2), and f} the ones applied to the robot base.
Additionally, M,, € R6*¢ is the inertia matrix of the spacecraft, M,; € R®" is the coupled inertia matrix of the
robot body and the left robot arm, M;; € R™" is the inertia matrix of the left arm, M,, € R®" is the coupled inertia
matrix of the robot body and the right arm, M,, € R™" is the inertia matrix of the right arm; c,, ¢;, and ¢, € R° are
a velocity/displacement-dependent, nonlinear terms for the body, left and right arm, respectively.

Equation (5) represents the free-floating dynamics of the proposed robotic system. A simplified robot model is
used to consider the effects of the contact forces on the linear and angular motion of the system. Specifically, rigid

body dynamics are used to model the robot's torso motion due to the end-effector contact forces:
2
mit = )" fi(6)
i=1

Mi6(0) + () X M() = Y fi(6) X (r(6) = pi(®)

i=1

(6)

The 6 degrees of freedom base motion is represented by the linear center of mass position 7(t) € R>, and w(t)

represents the angular velocity that can be computed from the Euler angles @(t) and the corresponding time



derivatives 0(t) (see Eq. (3) and (4)). The mass of the entire robot is given by m and M; is a constant rotational
moment of inertia calculated from the nominal robot configuration. Figure 2.a shows the reaction forces f;(t) acting
on the end-effectors. The position of each of the end-effectors is denoted as p;(t) and the distance between the torso

centre of mass and end-effectors 7(t) — p;(t) is used for the calculus of the torque due to the reaction forces.

Kinematic constraint

Non contact phase

p:(t) fi(t)

/

t t

ATngi,j Contact phase ATngij
pi() fi(t)

AT,

AT, gi,j

gi.j

Fig. 2 a) 3D representation of the robot, contact forces and kinematic constraint. b) Example of end-effector
position and force during non-contact and contact phases.

I11. Trajectory optimization
This section describes the optimization problem for the generation of the arms movements on the handrails of the

ISS to move the humanoid robot from an initial position 7 to a final desired one r.

A. Optimization objective.

The trajectory optimization aims to generate trajectories for the linear position of the center of mass, r(t), its
attitude, 0(t) and the position and forces exerted by each arm p;(t) and f;(t), respectively. This trajectory is
generated given only the desired goal position for the robot’s body, the number of grasping positions and the
duration of the maneuver, 7. The number of grasping positions that each of the hands, i, will use during the

trajectory are denoted with N. During the trajectory optimization, each hand, i, can perform two kinds of operations:



to grasp or not to grasp the handrails. The duration of the grasping and non-grasping phases are defined as ATy; ; and
AT, 4; j respectively, where j = 1... N. Thus:

T = ATgi’]_ + ATngi,l + e + ATgl,N + ATngi,N‘ (7)

The task of achieving a given robot body location, 74, can be easily and intuitively predefined if the number of
phases of grasping positions to achieve the desired position is low. However, when the number of possible grasping
points increases and the final position is not close with respect to the initial one, it becomes difficult to determine the
grasping positions required to complete the task. In such cases, a trajectory optimization problem is proposed that
can defined by using the following formulation:

Find r(t) 6(t)
and for every arm i:

ATgi,l' ATngi,lﬁ ey AT‘gi,N» ATngi,N (8)
D (t, ATgi,j' ATngi,]’)a J =1...N

fi(t, ATy ;,ATngij), j=1... N
so that the following cost function is minimized:

@ = [ 52 [ou () + 00 (R ©) +oa(F O]+ a(*©) + 0P ©) + oo @) ar O
where f*(t), fl-y (t), and f;?(t) are the end-effector contact forces in x, y, and z directions respectively; 7*(t),
7Y (t), and 7% (t) are the robot torso velocities in each direction. Additionally, o; are weights that can be adjusted.
This optimization problem is subjected to the constraints described in Section 3.2.

The functions mapping the behavior of the components of the end-effector position p;(t) and contact forces f;(t)
are assumed to be cubic polynomials. More specifically, three cubic polynomials are used to arbitrary generate end-
effector trajectories in the non-contact phase. In the same way, we use three cubic polynomials to represent the
contact forces during a contact phase. From this cubic representation the optimizer modifies the shape of these
functions to represent the end-effector trajectories and the contact forces Additionally, we should guarantee

continuous derivatives at the end points while capturing typical force and position profiles. Therefore, these cubic

polynomials present the following form:



pF ()] [af +aft +aft? + aft®]
pi(t) = |pY(®)| = |a) + &)t + a)t? + alt? (10)
[p7(t)| |aZ + aZt + ait? + at? |

[f°(t)] [bf + bt + b3t + bit3]
fi@® = |2 ®|=|b] + bt +b)t? + b]t? (11)
[ FZ(0)] | b + b7t + b3t? + bZt3 ]

where the coefficients af,a; and af in Eq.(10), as well as the coefficients b, b; and bf in Eq.(11), with k =
0,1, ...3, are selected in such way to map the behaviours shown in Fig. 2.b, for each of the three time intervals of
ATy; ;/3 or AT, 4; j/3 duration, whose the grasping and non-grasping phase can be divided. Specifically, if the arm
is in a non-grasping phase, from Fig. 2.b it can be noted that the position of the end-effector p;(t) will move from
the initial handrail’s position to the destination position of the selected handrail in AT, ; time. Obviously, the
contact forces will be null, f;(t) = 0, during this phase. On the other hand, when the robot is grasping a handrail,
the contact force will assume a non-null value, f;(t) # 0, while the position p;(t) will be maintained constant for
the entire time interval ATy; ;.

The selection of the coefficients in Egs. (10) and (11), for each of the time intervals ATy; ; and AT, ;, will be
obtained from the solution of the optimization problem in Eqgs. (8) and (9), also including the constraints defined in

the following subsection.

B. Trajectory optimization constraints

1. Kinematic constraints
The kinematic constraints guarantee that arm motions comply with the workspace and joints’ physical
limitations. The joints’ limitations are accounted by using the following conditions:

Qimin < 9i(0) < Qimax (12)
where q; minand q; 0, are the lower and upper bounds of the joints variable working ranges of each of the two
arms. In order to keep the formulation in the cartesian space, Eq. (12) needs to be substituted by equivalent
conditions on each end-effectors' reachable workspaces. For example, such conditions are illustrated by the blue
boxes in Fig. 2.a: if the arms end-effectors are inside these blue boxes, the joint limits are not violated. Thus, the

bounds on the end-effectors’ positions p;(t) are set as follows:



IR(O)[p:(t) —r(®D)] —Pp:il <& 13)

where R(0) is the rotation matrix representing the attitude of the humanoid robot with respect the inertial reference

frame, and p; is the nominal position of the arm i-th end-effector relative to the body frame. Therefore, the arm’s

workspace is approximated by a cube of edge length 2 £ centered, for each hand, at position p;.

2. Force and position constraints

As indicated in Eq. (8), the optimization algorithm generates the trajectories for the robot end-effectors and the

time duration for the contact and non-contact phases: ATg; 1, ATy g; 1, - ATy ny ATy g v- By defining different values

of ATy; ; and AT, 4; j for each arm, different situations can be obtained when both arms are grasping, only one arm is

in contact or even no hand is grasping any handrail.

a)

Arm is grasping. When the arm i is in a grasping phase, several constraints should be included to guarantee
the robot-end position p;(t) is maintained constant. It is assumed that the hand does not slip in this phase,

and the velocity of the hand motion during the grasping phase is:

pi(t) =0,t € AT, (14)

iLj
Moreover, the value of the contact forces f;(t) should be estimated from Eq. (11), obtaining the three
polynomials for duration ATy; ;/3 as indicated in Section 3.1.

In this paper, we supposed that a height map function, h,,(x,y), is known about the workspace. This
function provides information about the depth or z coordinate of the workspace from the x and y coordinates.
This height map is supposed to be known in advance; however, in a real application it can be obtained by
using Time-of-Flight 3D cameras or stereo cameras.

Another constraint is due to the position of the handrails. In order to formulate the handrail constraints in
terms of mathematical equations, additional information is needed. The height of each handrail can be
retrieved from a pre-loaded height map of the scenario h,,(x,y) alongside with the normal n(x,y), and
tangent t(x, y) directions of the surfaces composing the scenario.

The optimizer selects the best grasping positions, p; = (pl-x, piy , plz) based on the reachable points of the

handrails. The position and orientation of the handrails are defined by its endpoints (x;, ¥; ), (xf, yf)k where



k =1 .. being 7 the number of handrails. From these points, an algebraic constraint IR(pix, piy ) =0is
generated to guarantee that the coordinates p}, piy of the grasping position are lying on the handrail.
Consequently, in order to guarantee a safe grasping, the desired p/ component of the end-effector position is

selected based on the height-map by using the following relation:

p? = h,(p¥.p}) +d, (15)

where d is a fixed safety distance to be added to the height map to allow a safe grasping by using the gripper
mounted on the end-effector.

Another constraint is given by the friction exerted during the contact of the end effector with the handrail.
The gripper can exert a force along the normal to the surface but also along the tangent plane. Different
friction models could be used, but Coulomb’s law is the most commonly used [41]. Coulomb’s law states
that no relative motion between the robot end-effector and the handrail is allowed as long as the tangential

component of the force, f;, satisfies the following inequality:

fe < ufn (16)

where f, is the normal component and p is the static friction coefficient characterising the coupling between
the gripper and the handrail. According to this model, Eq. (16) defines the largest tangential force
component that can be applied. Often, the tangential component f; is expressed in terms of its two

projections f;; and f;, along the axis defined on the tangent plane, as shown in Fig. 3. In this case, Eq. (16)

is becomes:

/fﬁl +f2 < ufy a7



f fn

fe2
ftl

Fig. 3 Friction cone and inscribed pyramid

Thus, if the map of the normal directions of the scenario n(pf, p}’) is known, the product fTn(py,p;) gives
the orthogonal component of the reaction forces f,, exerted by the end-effector. Thus, the following

constraints are obtained by applying Eq. (17) [41]:

fo <ufin(pip}). fio <ufin(pi.p]) (18)

b) Arm is not grasping. In this case, constraints need to be imposed to guarantee the contact forces f;(t) are

set to zero:

fl(t) = 0, t e ATngi,j (19)

so that the optimizer can calculate the optimal coefficients aj, a,{ and af , with k = 0,1,..,3 in Eq.(10).
The constraints defined in this section are summarized in Table 1.
Additional constraints can be included, for example, to avoid a given obstacle in the workspace or to maintain the
robot body at a constant height. Keeping the robot’s body at constant height restricts the range of achievable
motions, especially on some handrails configuration where the desired location can only be reached when also tilting
the robot’s body. In any case, a safety distance can be guaranteed by introducing the following restriction:

r% — h, (r*,rY) > sd 20)

where sd is a safety distance that guarantees that no collisions with the surface will occur.



Table 1 Summary of the constraints of the optimization problem

Description Constraint
Initial body position and attitude rt=0)=1r,0(t=0)=80,
Final body position and attitude rt=T)=r,0t=T) =0,
For each manipulator i:
Duration of the trajectory k=1 ATgip + ATy =T
System dynamics constraint [#(©), é(t)]T = F(r@®),p;®, f:(©)
For each manipulator i:
System kinematics constraint IR(O)[p;(t) —r(t)] —pil <€
If gripper i is in contact with the workspace:
The robot-end does not slip p;(t)=0
Robot-end is in the grasping position R(p%,p]) =0,p7 = h,(p¥,0}) +4d
Friction pyramid constraint fo <ufin(pip!), fe<ufin(pfp))
If gripper i is not in contact with the workspace:
The robot does not exert forces fi(t) =0
V. Tracking trajectories

In this section, the controller proposed for tracking the trajectories obtained in Section 3 is derived. Therefore, the
controller allows the tracking of the planned trajectories for the phases the robot is not attached to the handrails. In
these phases, the robot trajectory is given, for each arm i, as p;(t), as shown in Table 1. When the robot does not
interact with the workspace, Eq. (5) can be rewritten in the following form:

Mi g, +Ci =1 2D
M3,q, +C; =1, (22)

Where T; € R" is the applied joint torque on the corresponding arm (i = 1, 2). Mj;€ R™™ is the generalized inertia
matrix and C;€ R" is the generalized Coriolis and centrifugal vectors for each arm i, defined explicitly as:

M;; =My, — MMM, (23)

C =c;,—M;M;}c, (24)

4

The linear and angular momenta of the system [t’T,‘PT]T € RC are defined as:

['f;] = Mrrvb+ Mriqi (25)



v, = [i”T,w"]7€ R® denotes the linear and angular velocities of the robot body expressed in the inertial coordinate
frame, and q; € R" represents joint speeds of the i-th arm. The relationship between the joint speeds and the
corresponding end-effector’s absolute linear and angular velocities can be expressed through differential kinematics:

P =Jiqi +Jpvp (26)

where p; € R® is the linear and angular velocity of the manipulator end-effector in the inertial frame, J;€ R is
the manipulator Jacobian matrix, and J,€ R®® is the Jacobian matrix for the robot body. Combining Eq.(26) with

Eq.(25) yields an equation that directly relates the joint speeds and end-effector motion of the robot manipulator:
pi=JouG+] M—l[e] (27)
i gifi b™rr /4
Jgi =Ji = JpM7 M, (28)

where Jg; is the Generalised Jacobian Matrix for the manipulator i. The second derivative of Eq. (27) can be

expressed as:
Di = Jgilli +J i + Vge (29)
where vy, = J,M 1 [:’] More details about this last term and his computation can be seen in [42].
The task constraint is defined from the planned trajectory of both arms (Pg;, Pais Pai):
Bai — D) + KaPai —P) + Kp(Pay —p) =0 (30)
where K, and K are proportional and derivative gain matrices, respectively. Equation (30) can be reformulated as

follows:
Pi=Pai + Ki@ai — D) + Kpy(Pai — i) 3D
and, by substituting Eq.(29) into Eq.(31), we can obtain:
Pai + KaWai — D) + Ky(Dai — P) = J gl +J 5i@i + Ve (32)
Equation (32) allows for representing the tracking task in the form A(q;, q;, t)q; = b(q;, q;, t), where:
A=]g (33)
b=pg +Ki@ai —P) + Kp®ai —P) —J i — Vge (34)
Therefore, the tracking task can be achieved using a computed torque-based controller. To do this, we consider the

following expression for the joint acceleration obtained from (29):



G =15 —J g1 — Vge) (35)
being P; the reference Cartesian acceleration which is given by (31):
D =DPau + Kqé;, + Kpe; (36)
where e; = py; — p;. The final control law with null-space stabilization can be obtained by replacing in (21) (i = 1)
or (22) (i = 2) the joint acceleration obtained in (35):

T, = Mﬂlzﬁ(ﬁdi +Kgé; +Kpe; — 0, — vg.) + M (1 —];i]gi)M?i_lvi +C; (37
where v; is considered as a proportional derivative controller in joint space which pulls the joins, q;, toward a given
configuration, qg;:

V; = M;i(Kps(qsi -q;)— de"h) (38)
Additionally, we can apply the optimal framework developed in [40] to derive a set of optimized controllers. This
framework minimizes a cost function T/ Wt;, where W is a weight matrix, for a robot with the dynamics as in Eq.
(21) or Eq. (22). This optimal framework also considers a set of constrains that represent the task to be developped.
The time derivate of these constraints is represented by the equation A(q;, q;, t)q; = b(q;, q;, t) as it is shown in
Eq. (33) and Eq. (34). By defining z = W*/?t; = WY2(M};§; + C;) , it is possible to derive the joint accelerations
q; = M;‘i_l(W_l/zz - C;‘) Taking into account the system constraints:

AM;;T'W™Y25 = b + AM;;T'C; (39)
The vector z  which minimizes Q{)=3"z while fulfilling Eq. (39) is given by
z = (AM}‘L-_1W‘1/2)+(b + AM};7'C}), and the joint torque is given by T; = W~'/2z. To conclude, the control law
that minimizes Q(f) based on the dynamics model expressed in in Eq. (21) or Eq. (22), while performing the task

described in Eq. (33) and Eq. (34), is given by:

7, = W (AME) W) (b + A C) (40)
Please note that the matrix W is an important factor in the control law determining how the control efforts are

distributed over the joints. Two controllers, with different dynamics properties, can be indeed derived:

=1 1/ . Lo
7 =] (JgiM;; 1];') (Pai + K + Kpe; — J i@ — Vge) )

* * —1 * —1 -1 =1 «
+Mii(I_Mii ]gi(]giMii ]gi) ]gi)Mii v; + (;



* — tr. . ¥ . . * — * * — + * —
7, = (JiMj; Y (pai + Kot + K,e;, —J4qi — Vge +J i M;; 'ci) (1 — (J iM;; D) JgiM;; 1) v; (42)
These two previous controllers have been by using W = M z‘i_l and W = I, respectively and considering nullspace

resolution and the values of the constraints given in Eq. (33) and Eq. (34).

V. Results
The performances of the proposed strategy have been assessed through numerical simulations reported in this
section. The simulated scenario uses the humanoid robot represented in Fig. 1. Table 2 and Table 3 summarize the
main dynamic parameters of the robot. These tables list the moment of inertia, the mass and the dimensions of the
main body of the robot and the links of both arms. It is assumed that the two arms are symmetric and have the same
dynamic parameters. The trajectories were obtained using C++ code interfaced with Interior Point Method solver
IPOPT [43]. The tracking controllers have been implemented in Robot Operating System (ROS) and applied to a
scenario simulated in Gazebo/ROS Melodic using an Intel Core i7/2.8 GHz Quad Core laptop. The Jacobians and
moment of inertia have been computed using the Pinocchio library [44]. Given the robot’s initial and desired
position, the proposed method was able to select and plan for different maneuvers and motions. The robot could
grasp the handrails with both hands, push itself ahead with a single hand, or move by alternatingly moving both
arms on the handrails. The grasping sequence is obtained by taking into account the robot position and the actual
configuration of the handrails. The optimizer selects the grasping points and consequently calculates the arm
trajectories and the eventual force contacts. The proposed controller can track the trajectories, and the final location
can be achieved using the grasping of both hands. To better understand and highlight the complex motions generated
by the proposed algorithm an accompanying video with the different experiments described in this section can be

seen here [45].

Table 2 Main dynamic parameters of the robot’ body.

Mass  Height Inertia (kg'm?2)

(kg) (m) Ixx Iyy Izz Ixy Ixz Iyz

Body Parameters 93 0.843 18.6 15.4 4.1 -0.008 -0.027 0.058




Table 3 Main dynamic parameters of the robot.

Mass Length Inertia (kg'm?2)

(kg) (m) Ixx Iyy Izz Ixy Ixz Iyz
Link 1 2.741 0.28 0.0124 0.0042 0.0136 3.6e-05 7.1e-05 -0.0002
Link2  2.425 0.144 0.013 0.0138 0.0049 1.2e-05 -0.0032 -0.0001
Link 3 2.209 0 0.007 0.0069 0.0039 -0.0001 0.0007 0.0004
Link4  0.877 0.274 0.0025 0.0027 0.0012 0.0001 -0.0003 0.0004
Link 5 1.878 0.265 0.0035 0.0044 0.0023 1.3e-05 1.03e-05 -9.7e-05
Link 6  0.409 0 0.0001 0.00014 0.00015 -8.9¢-08 -4.4e-08 4.2e-07
Link7  0.308 0 0.0003 0.0002 0.00017 -1.6e-06 1.7e-06 -1.2e-05

A. Trajectory planning.

The suitability of the optimization strategy shown in Section 3 was assessed via two different simulations. The first
one requires the humanoid robot to along the same handrails, and the second one shows that the same strategy can
be used for moving from a handrail to another. However, a first study about the system dynamics employed in the
planning phase is shown in the next subsection.

1. Study of the dynamic consistency

One important aspect to generate adequate motion plans for both arms is to guarantee that these motions are
physically feasible. Different constraints are introduced in the trajectory optimization problem to guarantee the
feasibility of these motions (see Table 1). Although the joint motions of the arms can significantly influence the
motion of the robot torso, in this specific application, the center of mass acceleration is mainly affected by the end-
effector contact forces. The use of Eq. (6) dictate how these contact forces affect the center of mass acceleration.
This dynamic equation allows generating feasible motions while the formulation is fully in Cartesian space. This
equation allows a simpler formulation that can be solved in a reasonable time, avoiding the nonlinearities introduced
by the joint angles (see the experiments presented in this section where the times required by the nonlinear
programming solver are indicated). This simplification has been proved to be sufficient for planning feasible
trajectories like the ones proposed in this paper. However, the dynamic equation presented in Eq. (5) is considered in
the proposed controllers for tracking the planned trajectories.

This section shows an experiment to verify the dynamic consistency of the trajectories planed with the proposed
method. To do this, a motion planning is presented where the robot’s body is supposed to move 0.3 m. along the x
direction. The linear accelerations of the robot's body are represented in Fig. 4.a. This last figure represents both, the

robot’s body linear accelerations obtained using Eq. (6), and the ones obtained taking also into account the effect on



the robot’s body due the joint accelerations (in black). As it can be seen, although the linear accelerations obtained
by Eq. (6) deviates slightly in several points with respect the full dynamics, it captures the main values and
evolution. Therefore, enforcing the proposed equation, it allows generating feasible trajectories for both arms. The

contact forces at the manipulator’s end-effectors, and the robot's body position are represented in Fig. 4.b and Fig.

4.c respectively. A
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s it can be seen in this last figure, the desired displacement is achieved for the robot's body.
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cceleration of the robot base only considering Eq. (2). b) Contact forces generated by both
arms during the experiment. c) Position of the robot base.



2. Motion on handrails

The first scenario reproduces a handrail configuration similar to the 3D representation of the ISS in Fig. 1. The
initial configuration of the robot grasping two parallel handrails are represented in Fig. 5.a. The initial and desired
positions of the robot are represented as 1, and 14, respectively. Specifically, the robot is supposed to move along
the x direction of 0.6 m and perform a rotation of -0.25 rad around z direction. The final configuration of the robot
during this experiment is represented in Fig. 5.b. Figure 5.c shows the upper view of the initial and final robot
positions in this experiment.

The algorithm returned a schedule of the robot operations in only 12.4 s. The linear and angular acceleration of the
robot body during the experiment are shown in Fig. 6. The optimizer checks the compliance with all the dynamic
constraints every 0.1 s and this is reflected in the segmented behaviour that is evident from the figure. The check
could be enforced with a higher frequency, increasing the computational effort required to run the algorithm.
However, the results obtained with this sample time show that an update frequency of 10 Hz is enough to generate

feasible and dynamically consistent trajectories.

Fig. 5 Motion on handrails a) Initial position of the robot. b) Final robot position. ¢c) Upper view of the initial
and final robot position.

The position and attitude of the robot body during the maneuver are shown in Fig. 7. A smoother evolution for these
variables is obtained because the kinematic constraint (section 3.2.1) is enforced every 0.05s. The weights
considered in Eq (9) are [0, 031, 031, 04, 05, 06] = [1,1,0,1,1,1]. Figure 7.a represents the 3D position of the robot
during the maneuver. The body of the robot moves 0.6 m along the direction of the handrails, while the distance

between the torso and the handrail at the end of the trajectory is the same that the one obtained at the beginning of



the trajectory. Figure 7.b shows the contextual change of the attitude of the robot in Euler angles. The orientation of
the torso with respect to the x and y directions remains constant, meaning that there is any roll and pitch of the torso,
but a rotation of -0.25 rad around z-direction shows that there is a yaw change during the maneuver. Finally, Fig. 8
and Fig. 9 show the end-effector position and force of both left and right arms during the operations, respectively. In
these figures, vertical blue bands are included to represent the time when the robot is in contact with the handrails.
The left and right arm end-effector trajectories are represented in Fig. 8.a and Fig. 9.a. These figures show that the
desired grasping positions are enforced by imposing the motion constraints in Eq. (15). These grasping positions are
maintained during the grasping thanks to the constraint given by Eq. (14). The forces that appear during the contact
are shown in Fig. 8.b and Fig. 9.b. As expected, due to the constraint given by Eq. (19), the robot does not exert

forces when it is not in contact with the handrails.
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Fig. 6 Linear and angular acceleration of the robot body during the motion on handrails.



0
S

b)

06— T~ Jﬁ/ \k\‘-\ /
—_ 1 Mz - position
E 0.4 1
S~ -5
= -
2
= ]
80.2—_
o
0 \/
—Y 77— T
1 . 4 5
time (s)
1.5
1 mroll
| 3 BWpitch
=
g 1—: Hyaw
L ]
0.5 4
800.5 7
« ]
0]
r————— 77—
o] 1 2 3 4 5
time (s)

Fig. 7 3D Position and attitude of the robot body during the motion on handrails.

0.8

07 M - position left arm
By - position left arm

0.6 Mz - position left arm

a)

position (m)
[=]
=y

time (s)

Hx - forces left arm

By - forces left arm
Mz - forces left arm

(N)

iy
[=]
o

Lo bl b b b b

b)

force

o

o
=]
S

-200

-300

time (s)

Fig. 8 3D end-effector position and forces of the left arm during the motion on handrails.



M - position right arm
Wy - position right arm
Mz - position right arm

o
o

o
=

a) -

pasition (m)
[=]
;8]
P T I T T A T I A AT

=
]
(]
=
w

time (s)

My - forces right arm
Wy - forces right arm 3
z - forces-Fight arm \

[=]

N
o o
S o

-300

-400

-500

time (s)

Fig. 9 3D end-effector position and forces of the right arm during the motion on the handrails.

3. Motion among multiple handrails

Figure 10 represents the scenario that assesses the optimizer’s ability to plan motions involving multiple handrails.
In Fig. 10.a the initial position (1), and desired position (r;) of the robot are represented, respectively. The robot
body is supposed to move 1 m along the x-direction while the desired displacements along y and z directions are
zero. The robot needs to grasp the handrails alternately with the two arms.

In this case, the algorithm took 20.3 s to generate the optimal robot path. The weights considered in Eq (9) are
[0i1, Gi1, Gi1, 04, 05, 0] = [1,1,0,1,1,1]. The 3D position of the torso during the trajectory is represented in Fig. 11.
Such a figure shows that the torso moved about 1 m ahead along the x axis while the other two components are
approximately maintained constant. The end-effector position and force of both left and right arms during the
maneuver are represented in Fig. 12 and Fig. 13. In these figures, vertical bands are included to represent the time

when the robot is in contact with the handrails. The left and right arm end-effector trajectories are represented in Fig.



12.a and Fig. 13.a respectively. These figures show that the grasping positions are reached by imposing the
constraints in Table 1. Such grasping positions are held for the time intervals necessary to let the robot’s body move
ahead on its path. This task is accomplished by imposing the constraint given in Eq. (14). The forces provided by the
end-effectors when these are grasping the handrails are shown in Fig. 12.b and Fig. 13.b. It is also worth noting that
the robot does not exert forces when it is not in contact with the handrails as expected due to the imposition of the

constraint in Eq. (19).

Fig. 10 a) Initial position of the robot. b) Final robot position.
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Fig. 11 3D Position of the torso during the motion among multiple handrails.
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4. Arms motion planning considering different number of grasping positions

The effect of considering different number of grasping positions for the same maneuver is consider in this initial
experiment. To better show the arms motion planning with different grasping positions, the handrails are not used in
this experiment. The robot’s body is supposed to move 0.6 m along the x direction. The weights considered in Eq (9)
are [0}4, 041, 011, 04, 05, 0] = [1,1,1,0.5,0.5,0.5]. With these weights the system will try to find the desired arm and
body trajectories while minimizing the contact forces. The results obtained considering N = 2, 4 and 6 are shown in
Fig. 14.a, Fig. 14.b, and Fig. 14.c respectively. For each experiment, these figures show the contact forces at the end
effectors, the linear accelerations at the robot’s body due the contact forces, the end-effectors positions, and the
robot’s body trajectory. In all the three experiments, the desired location for the robot’s body is achieved in the
desired duration 7 = 5.4 secs. However, the number of grasping positions is increasing as shown in the end-effector

positions figures and the corresponding end-effector forces (third and first columns in Fig. 14).
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B. Performance Evaluation of the Tracking Control Strategy

This section evaluates the performance of the three controllers proposed in Eqgs. (37), (41), and (42) during the
tracking of a grasping trajectory generated by the planning algorithm. Figure 15 represents the robot at the initial,
intermediate, and final configurations of the grasping maneuver performed by the robot. The grasping operation is
performed in 12 s. At each iteration, a time-step of 1 msec is considered for the computation of the control law.
Figure 16 represents, for each of the controllers, the desired trajectory (black) and the one obtained during the
tracking (red). All three controllers reach the desired grasping pose by tracking the desired trajectory. In order to
highlight more clearly the differences between each controller, Fig. 17 represents the control error, e;, for each
controller during the tracking and Fig. 18 represents the control actions (joint torques) during the tracking. Although
the torques remain low during the tracking, some differences can be observed in the behaviours of the three
proposed controllers. The tracking errors of the controllers given by Eq. (37), (41) have similar behaviour. On the
other hand, the behaviour produced by the controller in Eq. (42) is way more oscillative. This difference can also be
observed from the behaviour of the control actions in Fig. 18. By analysing the behaviour in the joint space, it can be
deduced that both the controllers obtained with Eq. (37) and (41) are the best candidate for this kind of task.
However, higher torque peaks can be appreciated during the tracking when the controller following Eq. (41) is

applied.

Fig. 15 3D representation of the robot at the initial, intermediate, and final grasping pose.
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VI Conclusions

An optimal strategy for path and motion planning of a humanoid robot in free-floating conditions was presented
in this paper. The developed algorithm found optimal sequences that command the arms motions to push the
handrails in a coordinated way to move forward and backwards the humanoid robot. Such a strategy considered the
eventual map of the morphology handrails present in the simulated scenario and the eventual interactions of the
grippers with them. As a result, a robust strategy for planning and selecting the grasping points and the articulated
movements of the arms was developed and tested in a simulated environment. Specifically, the paper took as an
example two representative operations that an eventual robot can perform in an extravehicular activity outside the
ISS. If the handrails are sufficiently long, the robot could move by just alternatively grasping different points along
them. Subsequently, the same algorithm was tested in a scenario when multiple handrails needed to be grasped to
reach the desired position. In both cases, the algorithm could find the optimal sequence of operations and coordinate

the grasping and non-grasping phases in a constructive and efficient way.



In addition, a controller that takes as input the planned trajectories of the end effector and finds the eventual
control actions to be applied to the joints of both the arms was developed and tested in a representative simulated
environment. Tracking errors were indeed always limited, and the arms could always follow the desired motion,
even if in 1 of the 3 cases the oscillations were not sufficiently damped. The results showed that at least 2 out of 3

developed control strategies could be proficiently applied to track such kinds of trajectories.

In any case, the numerical results demonstrate that the overall scheme (trajectory optimizer + controller) is
sufficiently robust and allows for complex and articulated motions of the humanoid robot in an eventual

extravehicular activity outside the ISS.
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