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Abstract

Orbital debris consists of defunct human-made objects in space which create serious operational risks for
critical space infrastructure. Presence of orbital debris leads to increased costs in spacecraft operations
due to additional efforts in the form of satellite orbit raising or addition of shielding, or other methods,
which are required to protect important space assets from eminent debris collisions. Some of these debris
have been created as a result of astronauts dropping their tools while carrying out maintenance
operations on space stations. Depending on the force/velocity conditions on the body just before being
dropped, they can either get transferred to a different orbit or renter into Earth’s atmosphere. Loss of
these items can be detrimental as it not only creates unwanted debris but also delays critical maintenance
operations until the arrival of the next resupply mission. This paper aims to explore the feasibility of using
an engulfing mechanism as the end-effector of a robotic arm attached to a space station for retrieving
back such lost items for future space station endeavors. Focus is given to the design of the mechanism
for engulfing end-effector, using a Bricard mechanism as a base unit. The gripper is designed to be
actuated using a single rotary actuator to fully engulf the debris. The paper also covers the realization
aspects of the engulfing gripper and using the same for a debris capture experiment/demonstration on the
ground.

Introduction

Astronauts are required to routinely carry out extravehicular activities for maintenance of space stations.
While carrying out such exercises, untethered tools and equipment can drift away leading to generation of
unintentional space debris. This also leads to the loss of costly and critical tools which need to be
replenished in subsequent resupply missions. As recently as November 2023, astronauts working on the
ISS lost a tool bag worth $100,000 which has now become space debris as shown in Figure 1.

Figure 1. Tool bag dropped by astronauts aboard ISS during extra-vehicular activity (Courtesy: NASA)

India is planning to deploy its indigenous space station officially called the Bharatiya Antariksha Station
(BAS) by the year 2028. The space station will help to enhance India’s presence in space and serve as a
platform for performing scientific experiments in microgravity. In order to carry out the assembly and
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maintenance operations of the station, a robotic arm is being developed. As a responsible space agency,
the Indian Space Research Organization (ISRO) has initiated programs to avoid the creation of un-
intentional debris as well as mitigate existing debris of the small satellite class. The robotic arm along with
a suitable gripper will be used to capture objects that have been accidentally dropped from the space
station, thus preventing the unintentional creation of space debris.

Prior to implementing the system on BAS, the technology for free flying object capture will be
demonstrated using the upper stage (PS4) of PSLV rocket. PS4 serves as a stabilized orbital platform
(OP) with onboard power generation, to conduct short duration experiments (typically up to 6 months).
The robotic arm along with the end-effector will be launched as an experiment on the OP. The technology
associated with free-flying object capture will be demonstrated in two phases:
e Capture of a tethered object (of size less than 10 cm) using the specialized end-effector. The
robotic arm with eye in hand configuration will autonomously track and capture the debris object.
e Capture of a freely floating debris object (of size less than 10 cm) using an engulfing end-effector
as depicted in Figure 2. The object will be tracked and rendezvous operation will be carried out by
OP. Subsequently when the object is in reach of the robotic arm, it will be captured.

Figure 2. Robotic arm with engulfing end-effector used for capturing freely floating debris object

As of 2023, there are approximately 35,000 trackable debris objects [2]. The trackability of such debris
objects depends on size. Usually objects less than 10-cm range are nearly impossible to detect from
ground-based tracking systems. Such small sized debris causes significant damage to operational
satellites, when approaching at very high relative velocities. Current situational awareness systems
cannot track the estimated 300,000 to 500,000 pieces of small sized debris, 1 to 10 cm in diameter.
According to a NASA study on Orbital debris remediation [2] the most effective remediation methods to
reduce risks to space assets are approaches for removing small debris and nudging large debris to avoid
collisions. Demonstration of the debris capture experiment on the PS4 OP platform will provide
confidence in utilizing the mechanism for capturing space debris smaller than 10 cm.

Since a majority of the debris 10 cm or smaller are completely non-cooperative, it would be appropriate to
make use of an end-effector that does not require high precision to capture the object. An engulfing type
end-effector is well suited for the debris capture operation. The engulfing envelope of the gripper is
decided by the maximum size of the debris to be captured. Coupled with a robotic arm the engulfing
gripper will be used for capturing multiple debris.

Engulfing Gripper Design

In order to construct a gripper which can engulf a debris object, it is necessary to construct a net of a solid
figure. The net must be readily folded into a solid figure which can engulf the debris object. Platonic
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polyhedra which include tetrahedron, hexahedron, octahedron, dodecahedron and icosahedron can be
opened and folded back into the solid figure by rotating the faces (individual net segments) about axes
which lie along the edges. It is concluded that from a volume efficiency and edge length perspective, the
dodecahedron is the best polyhedron to choose for constructing an engulfing mechanism. Similar
mechanisms have been proposed by Zhi Ern Teohet et. al. [3] for underwater capture of delicate marine
organisms.

Figure 3. Skeleton structure of the engulfing gripper

Figure 3 shows the designed engulfing gripper based on the volume efficiency studies as discussed
below. The minimum edge length required for engulfing a 1U class satellite (with 2x margin) with different
platonic polyhedra is shown in Figure 4. It can be seen that for a given engulfing volume, a dodecahedron
has the shortest edge length required. Figure 5 shows the volume engulfing efficiency of different platonic
polyhedra. As the number of faces increases, volume efficiency of the polyhedra also increases.
Considering both volume efficiency and the edge length as prime factors for selection of the mechanism, a
dodecahedron stands out as the best polyhedra owing to the highest volume efficiency rise with the
smallest edge length.

Figure 4. Edge Length of platonic polyhedra Figure 5. Volume Efficiency of platonic
required for enclosing a 1U class debris polyhedra
effectively

The engulfing mechanism consists of 5 arms (also referred to as ‘leaf’) that are actuated using a single
actuator to open and close the engulfing envelope. Motion during actuation is achieved through the
Bricard mechanism that connects the folding linkages to the actuator through a hinge as shown in Figure
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6. A bricard mechanism acts as the fundamental unit for achieving the folding motion in the engulfing
gripper. Figure 6b shows the arrangement of the Bricard mechanism as-implemented in the gripper.

Figure 6. (a) Plane symmetric Bricard Mechanism, (b) Arrangement of Bricard Mechanism for engulfing
gripper

The link lengths of the Bricard mechanism [3] as well as the link offsets determine the overall size of the
engulfing gripper. The design parameters are selected as follows: 1) Link lengths selection is based on
the capability of gripper to engulf and remedy debris of size up to 10 cm or a 1U class satellite with
sufficient margin. 2) Link offsets are selected based on the overall external size of the engulfing gripper
and associated mechanical advantage for the mechanism.

Figure 7. Kinematic arrangement of Bricard mechanism

The parameters associated with the design of the gripper are based on the selection of appropriate
design parameters for the Bricard mechanism. The typical design parameters as shown in Figure 6 and
Figure 7 are as follows:

1) a: Link length of the folding layer.

2) b : Link length of the driving layer.

3) 6, : Starting Angle for the mechanism.

4) r:Joint axis offset

Calculation of the link lengths required is based on the internal volume of the engulfing gripper. The
volume of a dodecahedron is given by:
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Where e is the edge length of the pentagon forming the dodecahedron. The edge length e is determined
based on the volume of the object being captured. To capture 1U class satellite debris with 2X volumetric
margin, the edge length of the pentagon is calculated as:

e > 80mm

Figure 8. Link length and edge length relation

For a regular pentagon with e > 80 mm, link length (a) is found to be a = 57 mm (Figure 8). For a plane
symmetric Bricard mechanism the following relation between a, b and 6, holds:

b 1

a = 2cos(6s)

@)

6, is chosen appropriately such that the realization of link lengths a and b is practically feasible.
Therefore, to avoid non-terminating decimal places in the link lengths, the starting angle is chosen as 6, =
60° Therefore, b = a = 57mm. The choice of link offset value r is based on the mechanical advantage to
be achieved for the engulfing gripper. The mechanical advantage is also essential to size the rotary
actuator and improve the overall performance of the gripper. A mechanical advantage study is therefore
performed in ADAMS® with varying r. Figure 9 shows the variation of mechanical advantage at various
link offsets in the range of 25 mm < r < 90 mm, over the engulfing motion.

Figure 9. Mechanical Advantage Study

305



Table 1 shows the selected design parameters for the engulfing gripper.

Table 1. Design Parameters
Parameters Value

a 57 mm
b 57 mm
r 80 mm
0, 60°

Figure 10. Folding sequence for the engulfing gripper
Hardware Implementation — Engulfing Gripper

The ground model of the engulfing gripper was realized through additive manufacturing using Acrylonitrile
Butadiene Styrene (ABS). In total, there are 50 revolute joints connecting 42 links, actuated by a single
motor in the engulfing gripper. Such a large number of revolute joints pose practical challenges such as
controlling the joint tolerances to avoid bifurcation points in the mechanism. Dowel pins were used to
assemble all the links for the joints. Tolerance control during the fabrication of the gripper was achieved
using a high-resolution 3D printer. A dynamic simulation of the as-designed mechanism was carried out in
ADAMS® to determine the actuation torque for the motor. The simulation results are validated with the
experimentally obtained data in the realized hardware and are shown in Figure 11.
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Figure 11. Actuator torque required for moving the actuated gripper
Debris Capture Experiment

In order to make sure that the engulfing gripper fully captures the debris, and to avoid escape of small
sized debris from the gaps between the links of the fully actuated gripper, a net structure is used. The net
structure is mounted on the inner layer of the engulfing mechanism as shown in the Figure 12.

Figure 12. Engulfing gripper with net (A) fully open (B) fully closed

The engulfing gripper was tested and demonstrated on ground using an in-house developed robotic arm.
Suitable mechanical interfaces on the engulfing gripper were provided in order to test the mechanism.
The robotic arm has 5DoF with a reach of 880mm. The target object in the test setup was identified
through image processing using a monocular camera attached to the base of the engulfing gripper.
Figure 13 shows the robotic arm developed for the experiment.

The base joints of the robotic arm were configured using three identical smart actuators. These actuators

included BLDC flat motors (MAXON® make) along with a harmonic gear drive for motion reduction. Both
output and input side encoders were integrated to the actuators to negate the effects of joint backlash and
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flexibility. The joint actuators were daisy-chained using the CAN-Bus communication protocol. The
internal construction of the joint is shown in Figure 14.

Figure 13. Robotic arm with engulfing end-effector (A) Open condition (B) Closed condition

The three wrist joint actuators enabled the engulfing gripper to achieve any orientation in Cartesian
space. Integrated actuators (DYNAMIXEL® make) were used to implement the wrist joints and were
daisy-chained using RS-485 communication link.

Figure 14. Internal Construction of Base Joint Actuator

Fiducial markers were attached to the target object debris. An RGB camera integrated to the base of the
engulfing gripper was then used to track the marker using image processing. A typical Fiducial marker is
shown in Figure 15. The image processing for visual servoing as well as control of the robotic arm was
implemented on a Nvidia Jetson AGX Orin board. A typical workflow associated with the object capture is
shown in Figure 16.

Figure 15. Fiducial marker attached to the object

After successful completion of ground testing, the end-effector will be deployed and tested in space on
the PS4 Orbital Platform (OP) using a 2.4m long 5DoF robotic arm. There are several environmental
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aspects that need to be considered while carrying out the debris capture experiment in-orbit. Since the
mechanism is highly sensitive to tolerances, aspects including joint galling and thermal
expansion/contraction of the joints have to be critically studied and evaluated on ground. Extensive
environmental testing such as harmonic response, sine vibration, shock response, thermo-vacuum and
humidity tests are planned to be carried out prior to deployment of the system in space.

The typical sequence of events executed during the debirs capture experiment is given below:

1) Robotic Arm Initialization and Health Check: All the joints of the robotic arm are initialized on
the command from the master controller. Various parameters from the joint motors, encoders and
camera are analyzed in order to ensure the appropriate health of the robotic arm system. Once
cleared, the robotic arm is then taken to a parking position (also referred to as scan state).

2) Free Floating debris detection: In the scan state, camera mounted at the end of the robotic arm
tries to locate the free-floating debris using fiducial markers attached to it. This is achieved using
the tag detection algorithm which returns the location and orientation of the debris in camera
frame, which is then transformed back to the base frame of the robotic arm.

3) Intercepting the located debris: Once the debris is detected, the robotic arm is 00taken close to
the debris through a suitable trajectory which minimizes interception time. The trajectory is
updated continuously based on the free-floating debris location, to intercept it. Once the robotic
arm reaches in the vicinity of the debris object, resolved rate motion control based tracking is
used to precisely track and follow the moving object.

4) Capturing the free-floating debris: The engulfing gripper is then actuated to contain the free-
floating debris inside it.

5) Storing the captured debris: The captured debris is then taken to a pre-determined location on-
board. The engulfing gripper is opened and a magnetic latch is then used to dock the debris to
the station and store it in a pre-planned location.

Figure 17 shows the capture phase of the experiment using engulfing gripper.

Figure 16. Software workflow developed for debris capture experiment
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Figure 17. Capture sequence of the simulated debris using the engulfing gripper
Conclusion

With the efforts of the Indian Space Research Organization to establish its own space station, the
requirement of a robotic arm capable of carrying out extra-vehicular activities is essential. The robotic arm
with a suitable end-effector can be utilized for ensuring the sustainable operation of Bharatiya Antariksha
Station (BAS) by preventing any unintentional creation of space debris. The ground testing of the
engulfing end-effector shows good correlation with the simulation results. Ground tests were conducted
with an object having a fiducial marker on it. It was tracked and captured using the engulfing gripper as
the robotic arm end-effector. It is planned to conduct experiments to capture a free flying object on-board
the PS4 Orbital Platform in a PSLV mission which will help validate the suitability of these systems for
usage in the space environment. The engulfing gripper along with a net can be utilized for capturing
smaller debris of size less than 1U size (10 cm cube) which cannot be tracked reliably from ground.
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