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Abstract: The experiments on astronaut motions are difficult to conduct due to the limitation and high cost of constructing or simulating
the microgravity environment of space. Therefore, the method of computer simulation on astronaut extravehicular activity is broadly
promoted. However, validations and verifications for these simulations stated in related literatures are incomplete such as comparing
with the limits of human body movements or reconstructing a three-dimensional movement for some parts of EVA video. Novel
modeling and verification methods for the task of an astronaut handling large-mass payload during EVA were revealed. A simplified
model of an astronaut was constructed, and the astronaut motion was conceived as a planar movement of a multi-body system which
includes seven segments with six revolute joints in the human body sagittal plane. The inverse kinematics method was used to calculate
joint angles, joint velocities, and joint accelerations in time domain. The solution of joint torques using the inverse recursive dynamics
was achieved. Furthermore, a virtual model with the ADAMS™ software was developed and implemented to verify the results by
adding the kinematical data calculated to joints in order to achieve the trace of the center of mass of the hand. Additionally, the joints
kinematics and kinetics data with time in the virtual model were obtained and compared with the corresponding calculated data. This
result indicates that the modeling methods proposed can be employed as a solid algorithm to conduct the simulation of astronaut’s tasks
in EVA, and verification using the virtual model can be easily operated and has a good accuracy. This study provides an effective and
economical way of modeling and simulation for extravehicular missions.

STM

Key words: extravehicular activity, inverse kinematics, inverse recursive dynamics, ADAMS'™, virtual model

Technology performed the computer simulation involving
1 Introduction the manipulation of a large-mass payload based on inverse
kinematics and Kane method supported by NASA. Their
research revealed a process of simulating astronaut task via
the computational multi-body dynamics, although the
mechanical effects of a space suit are not accounted for.
YANG, et al® ! studied the suited astronaut movement
based on the Kane method; their contribution is to add the
mass properties of each segment of extra vehicle mobility
unit (EMU) to the corresponding segment of the astronaut
model.

The goal of this study is to solve the joint angles and
joint torques of the astronauts handling a large-mass
payload based on inverse kinematics and inverse recursive
dynamics, and also to validate the results with the
ADAMS™ virtual model. The differences between this
study and the results from other studies are that the torque
of each joint in time interval can be obtained under the
constraints of the least velocity and acceleration of each
joint, and that the results calculated can be verified by the
ADAMS™ virtual model. The approach to calculating joint

task, the basic kinematics and dynamics characteristics torques Of. the_ §p§c!f|c_a.stronaut.rnotlon in deta!l 1S
about the astronauts must be known. NEWMAN and presented via minimizing joint velocities and accelerations.

SCHAFFNERE ™ of the Massachusettes Institute of In ad‘?"“?’”’ the process TO,I v_erlfylng the _at?o"e results by
establishing the ADAMS ™™ virtual model is illustrated.

The remainder of this paper is arranged as follows:

Because of the high cost of astronaut extravehicular
activity (EVA), it is necessary to conduct a detailed design
beforehand and perform the training of astronauts’ tasks on
the ground. Generally, such exercises are carried out at air
bearing floors, neutral buoyancy tanks or aircraft flying
parabolic trajectories. However, these facilities have some
inner disadvantages such as friction on the air bearing
floors, water damping in the neutral buoyancy tank, and
narrow time span of the aircraft flying each parabola. It is
necessary to simulate the astronauts’ task during EVAs.
Therefore, the approach of computer simulation of the EVA
tasks is especially essential There are many aspects related
to research, such as the concept of advanced EVA
systemst™ 2 EVA  worksites design®],  space-suited
locomotiont, astronaut reorientation™ and so forth.

In the EVA tasks, the astronauts frequently need to
handle the large-mass payload from one worksite to another.
In order to make a good training project related to such a
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Section 2 describes the modeling methods of the EVA task,
and gives the flow chart of solving joint angles and torques.
The joint motion data which include joint angles, joint
velocities, joint accelerations and joint torques in time
domain are calculated and discussed. Subsequently, the
simulation verification is performed by the ADAMS™
virtual model in section 3. Conclusions are drawn in
section 4.

2 Modeling Methods for the Astronaut EVA
Task and Process of Solving Joint Motion

The modeling methods consist of four steps: task
description, geometric model, forward and inverse
kinematics, and inverse recursive dynamics. Then, the flow
chart of solving joint angle and torque is given.

2.1 Task description

An astronaut of fixed feet to handle a large-mass
payload™ is taken as an example of the EVA task. The
payload is Spartan astronomy payload in STS-63 flying
tasks®, 1 201.4 kg in mass and 1.344 mx1.241 mx
1.309 m in dimension. The astronaut motion model is to
manipulate the payload with his arms around a circle
trajectory counterclockwise motion in the human body
sagittal plane. The radius of the circle is 0.075 m.

2.2 Geometric model

A simplified model of an astronaut based on Hanavan’s
fifteen body finite-segment model of the human body is
shown in Fig. 1.

Fig. 1. Model of an astronaut handling large-mass payload
This model consists of upper arm, forearm, hand, trunk,
upper leg, lower leg and foot, which are connected
respectively with revolute joints. The upper arm, forearm,
upper leg, and lower leg are viewed as frustums of cones,
the trunk is an elliptical cylinder, and the hand is a thin

cube. Payload is added to the center of mass of the hand.
Thus, the model is regarded as a planar movement of a
multi-body system which includes seven segments with six
revolute joints in the human body sagittal plane.

The inertial frame shown in Fig. 1 is set up at the ankle
joint, where the x coordinate is horizontal right, and the y
coordinate is vertical upwards. The end motion equations
can be obtained as follows:

0=n-+ot, 1)
X=X, +r(l4cosé),
o +1(1+cos0) 2

y=1Y,+rsing,

X=—wrsing,

, ©))
y = wr cosd,

X = —w*rcoso,

y . 4)
y=—-wrsing.

Where 6 is the angle of the center of mass of the hand,
@ is the angular velocity of circle trajectory, t is time,
r is radius of circle, and x and y are the coordinates of the
center of mass of the hand in the inertial frame, respectively.
X, and y, are the initial positions of x and y,x and y
are the velocities of the center of mass of the hand, X and
y denote the accelerations of the center of mass of the
hand.

2.3 Forward kinematics

The forward kinematics method is used to solve the
kinematics parameters of the center of mass of the hand by
using joint space variations in the following steps.

First, joint angle ¢, (i=1, 2, ---, 6) is defined as
generalized coordinates of the multi-body system, and
inertial frame and local joint frames are set up as shown in
Fig. 1. s, represents the inertial frame which is fixed on

foot, s,(i=1,2, ---, 6) denotes the local joint i frame, x;
is the horizontal axis of joint i which the orientation is from
joint i to joint i +1. Each joint rotation axis is vertical to

paper outwards. _
Secondly, the transformation matrix R\™* about local
joint i frame relative to local joint i-1 frame is described:

cosg; —sing, O
R =|sing, cosq Of. (5)
0 0 1

Finally, on the basis of the kinematics of multi-body
mechanics™, the local joint kinematics parameters in the
local joint frame can be calculated. Angular velocity, linear
velocity, angular acceleration, and linear acceleration at the
local joint i frame can be obtained from Egs. (6), (7), (9),
and (10). The velocity and acceleration of the mass center
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of link i can be achieved from Egs. (8) and (11):

o = R o ] +4k, (6)
vi=R0 o xr), (7)

Vi =V @ xr}, (8)

o =R o} + (R o] <Gk +Gk), 9)

i gticll il il i “io1
vi =R (@ xn5; to g <@ xn5)+vi),

(10)
vy =V + (@ X1 + o x (@] x1)) . (11)
Where @' and v/ are the local angular velocity and local
linear velocity of joint i, respectively. a},‘ and v"ii are the
local angular acceleration and local linear acceleration. g;
is the speed at the local joint i frame. v, is the mass
center acceleration of link i at the local joint i frame. &' is
a 3x1 vector which represents a rotation axis of joint i.
r is a displacement between the origins of two
adjoining joint frame. rcii is the mass center displacement
of link i in local joint frame.

Therefore, the series transformation matrix can be
obtained with Eq. (5). For each joint, we can obtain the
corresponding transformation matrix expression. The linear
velocity and angular velocity of the center of mass of the
hand at the inertial frame can be obtained from Egs. (13)
and (12):

5 = Re; = R Ry RS R; Rs R, (12)
Ve = Rev s = RURRIRIRS Rey G (13)
In Eq. (13), we can obtain matrix J in Eq. (14) by

partially differentiating to joint speeds.

2.4 Inverse kinematics

The inverse kinematics is used to solve joint space
kinematics parameters with known operation space motion
trajectory. For serial chain and tree-structured system!**, a
relation expression with the velocities in operation space
and the velocities in joint space is described as

¢ =J(g. (14)
Where & €R™ is the m-dimensional end-effectors’
velocity vector, J(q) € R™" is the mxn Jacobin matrix,
and ¢ <R" denotes the n dimensional joint velocity
vector.

In this plane model, ¢ € R? is known by Eq. (3), and
J(q) € R*® can be solved by partial differentiating Eq.

(13), and then we can determine ¢ € R® in Eq. (14); thus,
¢ and 4 can be obtained by integration and derivation to ¢,

respectively.
To obtain the determinate ¢ , the general ¢ and ¢ can

be computed by Egs. (15) and (16):

Gg=JE+(I-J D, (15)

Gj=J"(E—-JQ)+IT-T"T)p. (16)
Where J* denotes the pseudo inverse of J(q) , ¢
denotes an arbitrary vector in ¢ space. Here we attain
specific ¢ and § when ¢ =0; thus, ¢ and ¢4 are
the least.

2.5 Inverse recursive dynamics

Inverse recursive dynamics for the above articulated
figure model, which is considered as serial multi-link
tree-structure system can be described as follows!":

Fj:Rc'chj+MC'ij’ (18)
Fj*:—mai Ve, —(Ia')—f—a)xla))-a)qj. (19)

Where F; and Fj* are respectively the generalized force

and initial force of the mass center of rigid body j. R,

and M, represent the force and torque acted on the mass

center of rigid body j, respectively. Ve is the partial

linear velocity for g; which is solved by partial

differentiating Eq. (8) , and o,

velocity, which is achieved by partial differentiating Eq. (6).
m is the mass of the rigid body. «; is the acceleration of
the mass center of the rigid body. I is the moment of
inertia for the mass center of rigid body.

By Eq. (17), the following equation can be easily
obtained for the multi-rigid body system:

is the partial angular

n n
SR < 3oM, 0, -
i=1 i=1

n

Z[mai v, (10, + 0, < ;o) « 0 ]

i=1

(20)

Where n is the number of the links of multi-rigid body
system.

By analyzing the forces acted on the links, the joint
torque for joint i can be calculated by using Eq. (21), thus,
all joint torques can be solved with these recursive
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formulations, and the results are given in the condition of
the least velocity and acceleration of each joint as
explained in Egs. (15) and (16):

n

i
Ty = Z[mivd

=

*Vu, + (o + o) xT)) <@y | (21)

2.6 Flow chart of solving joint angle and torque
The flow chart given in Fig. 2 illustrates the solution
process of solving joint angle and torque.

Kinematics .
S BV I

J+

I e B |
I

Inverse recursive dynamics |_T:|

Fig. 2.

Solution process of solving joint angle and torque

The system studied in this paper has six degrees of
freedom. The center of mass of the hand has three degrees
of freedom, which include two planar displacements and
one rotation to z axis. On the basis of the above analysis,
it can be concluded that this system has three redundancies.
Therefore, the joint speeds of Eq. (14) in this system have
multi-solutions. In order to obtain the joint determinate
speed solution, ¢ can be achieved based on the cost of
minimizing the Euclidean module in Eg. (14). Each joint
angle ¢ can be obtained by integrating these velocities
over time. ¢4 can also be calculated by the same way as
solving ¢ . First, for differentiating Eq. (14) over time, we
can determine the expression including of ¢ variation.
Second, ¢ can be achieved by minimizing the Euclidean
module on the expression including of ¢ variation.

3 Calculation of Joint Angles and Torques
and Discussion

The motion studied in this paper is a planar movement
of a multi-body system, which includes seven segments
with six revolute joints in the human body sagittal plane as
shown in Fig. 1. The mass center of an astronaut’s hand is
assumed as a circular trajectory using counterclockwise
arm motions; one period movement is finished within 20 s.

The respective mass properties of each segment of the
EMU can be added to the corresponding human body
segment according to the geometrical size of the human
body and the mass propertiest®. Thus the moment of inertia
about the mass center of each segment can be calculated.
The geometric size and mass properties of the model in this
paper are shown in Table 1 ™. As shown in Table 2, the
limits of the EMU joint movement are given[lz].

Table 1. Geometric size and mass properties of the model
Length Mass Ini.ti'al M(.)mer.lt of
Segment I/m m/kg pOSItIOn inertia
a/¢) l,/ (kgem?®
Hand 0.2070 0.53 —28 0.001
Upper arm 0.3970 2.05 44 0.015
Forearm 0.309 0 1.45 130 0.010
Trunk 0.6275 28.61 —52 0.392
PLSS 0.8130 66.46 3.813
Upper leg 0.3875 10.34 47 0.178
Lower leg 0.4100 4,04 21 0.063
Load 1.309 0 12014 334.800

PLSS: Portable life support system.

Table 2. Limit of the EMU joint movement
Joint Upper limit  q./(°) Lower limit  qi/(°)
Wrist 22.8 —28.3
Elbow 130.0 0.0
Shoulder 180.0 0.0
Hip 0.0 —70.0
Knee 120.0 0.0
Ankle 40.0 —40.0

The variation of each joint angle with movement time
calculated using the simplified model is shown in Fig. 3.
The peak values of all joint angles are within the EMU
joint restrictions.

120

sof ame”
60 Elbow

‘:: 30F  Knee

w 0

b Shoulder

5 30k TRy ; :

E

= -60F Hip
—ook
120 /Wrisl
_|50__| 1 '__I___l I 1 1 _I__I

0 2 4 6 8 10 12 14 16 18 20

Movement time {/s

Fig. 3. Joints angle plots

The variation of the six joint angular velocities and
accelerations with movement time are shown in Fig. 4 and
Fig. 5, respectively. The results show a smooth changing of
the six joint velocities and accelerations within one period.
Based on the above computing method, it can be concluded
that the joint angular velocities and accelerations calculated
in this model are the least.

Fig. 6 indicates the torque curves of six joints during one
period. All curves show smooth cosinusoidal curves. The
limits of each joint torque both calculated in this paper and
Refs. [11-12] are shown in Table 3. For the four torques,
except for the hip and ankle torques, the results are found in
Refs. [11-12] for comparison which indicates that the four
joints” torques are within the limits obtained by the
experimentation in Refs. [11-12].
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Fig. 6. Joints torque plots
Table 3. Limits of each joint torque both result calculated
in this paper and Refs. [11-12]
Upper Upper Lower Lower
Joint torque torque in torque torque in
calculated  Refs.[11-12] calculated  Refs. [11-12]
t dNem) o [Nem) 7 /Nem) <z [(N-m)
Wrist 2.34 131 -2.91 -17.2
Elbow 3.53 45.6 —4.51 —48.1
Shoulder 4.62 71.2 —-6.01 —66.4
Hip 5.25 —-6.23
Knee 5.22 65.1 -5.20 —41.5
Ankle 7.06 —6.10

4 Simulation Verification

In this section, the simulation using the ADAMS™
model is used to verify the calculated results. The
ADAMS™ software applies the Lagrange method of
multi-body  dynamics for setting up dynamical
equations!*>*l,

4.1 Virtual model

The astronaut simplified model of Fig. 1 was built in the
ADAMS™ software. The geometric size and mass
properties of the model is defined according to Table 1.

4.2 Flow chart of verification

Fig. 7 shows the flow chart of verification. Four steps
were used to verify the results calculated in this paper. The
first step was to build a virtual model with the ADAMS™
software. The next step was to perform motion simulation
via adding rotational joint motion to six joints of virtual
model. Here, joint kinematical parameters such as the joint
angles calculated were used to rotate the joint motion. The
third step was to create the trace the center of mass of the
hand and compare with the known circle of the center of
mass of the hand. If the two circles are essentially
overlapped, it indicates that joint kinematical parameters
calculated in this paper are exact. The fourth step was to
measure the kinematical and dynamical parameters of
virtual model joints in order to compare with the
corresponding data calculated in this paper.

| Virtual model |

#

[ Motion simulation |

!

| Trajectory comparison |

| Data comparison |

End

Fig. 7. Flow chart of verification

4.3 Trajectory verification

The joint kinematical data calculated in the paper is
applied to drive the rotational joint of the virtual model. In
addition, the trace of the central mass of hand is obtained
and denoted with the blue circle in Fig. 8. The red circle is
the known trace of the center of mass of the hand. Since the
two circles are coincident, the joint kinematical data can be
judged exact. That is to say, joint kinematics data
calculated including joint angle, velocity, and acceleration
are exact.

4.4 Data verification
The joint kinematical and dynamical parameters during
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one simulation period can be measured and compared with
the corresponding data calculated in this paper.

Pan
1 Sl

Fig. 8. Trajectories of the center of mass
of the hand (red circle for virtual model,
blue one for known trajectory)

Fig. 9 and Fig. 10 show six joint angular acceleration
curves and six joint angular velocity curves, respectively. It
is shown that the six measuring curves with star-shaped
figures obtained from proposed method are coincident with
the six calculated curves with solid lines for the ADAM
Therefore, the joint velocities and acceleration calculated in
this paper are exact.
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Fig. 9. Joints angular acceleration comparison
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s™.

Fig. 11 displays six joint angle curves during one period.
By comparing six measuring curves denoted with
star-shaped figures to six calculated curves plotted with
solid lines, it is seen that two curves of each joint are
coincident. Therefore, the joint angles calculated in the
paper are exact.

6~

—— Caculating curves
41~ —%— Measuring curves
2r Shoulder:

~

Joint angle g /rad

1
0 2 4 6 8§ 10 12 14 16 18 20

Movement time /s

Fig. 11. Joints angle comparison

The joint angle, velocity, and acceleration data series
calculated in this paper are compared with ADAMS™
measuring one. As a result, two data series of each joint
from different methods are identically distributed.
Therefore, it is revealed that the kinematical data calculated
are exact.

Fig. 12 illustrates six joint torque curves. Comparing the
six measuring curves with star-shaped figures to the six
calculated curves with solid lines proves that two curves of
each joint are essentially coincident. However, there are
some departures between the measuring curves and the
calculated one, because the torque of each joint has a
variation with its joint angle; the velocity and acceleration
according to Eq. (21), also the angle and acceleration of
each joint are obtained by taking a differentiation of the
joint velocity

Torque 7/(N+m)

Caculating curves
—+— Measuring curves

10 12 14 16 18 20
Movement time /s

=
(S5 ] o
=
(=3
=]

Fig. 12. Joints torque comparison
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5 Conclusions

(1) A simplified model of an astronaut was built, and the
astronaut motion was conceived as a planer movement of a
multi-body system, which included seven segments with
six revolute joints in the human body sagittal plane.

(2) The inverse kinematics method can be employed to
calculate joint angles, joint velocities, and joint
accelerations in time domain. Furthermore, joint torques
can be solved by using the inverse recursive dynamics. The
virtual model can be constructed with the ADAMS™
software to verify the calculated results.

(3) The simulation verification indicated that the com-
puting methods presented, which consists of the forward
and inverse kinematics and the inverse recursive dynamics,
were feasible and the ADAMS™ virtual model can be used
as an efficient and effective tool to verify the results
calculated for the basic kinematics and dynamics
characteristics about the astronaut's tasks.
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