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SUMMARY

Two identical end-effectors are indispensable for self-relocation of a space manipulator, which is
an effective way of extending its servicing capability. The prototype design is intimately linked
to the requirements. The significant features and functionality of the end-effector and its grapple
fixture are described, including the key analysis efforts. The characteristics of the end-effector and
their suitability for self-relocation and payload handling were confirmed by testing, which used two
prototype end-effectors, a semi-physical simulation testbed system with two, six degrees of freedom
(DOF) industrial robot arms, and an air-bearing testbed system with a seven DOF manipulator.
The results demonstrate that the end-effector satisfies the requirements and it can work well in a
simulated space environment. With the compliance motion of the manipulator, the end-effector can
perform soft capture and the manipulator can securely self-relocate and handle the payload.

KEYWORDS: End-effector; Self-relocation; Servicing capability; Space manipulator; Capture
misalignment envelope.

1. Introduction

The space manipulator is a very important tool for On-Orbit Servicing (0O0S),!~* and its servicing
capability has been demonstrated.’~® To complement the length limitation and extend its utility, one
of the solutions is to give the space manipulator self-relocation capabilities.” The self-relocating
manipulator is symmetric about its elbow with two identical three DOF shoulder and wrist clusters,
including two identical end-effectors. Each cluster has three mechanical joints with perpendicular
rotation axes. The end-effector is attached to the end of each cluster. The grapple fixtures spread
throughout the space station exterior and act as basepoints. Being attached to the grapple fixture, the
manipulator can step over from one basepoint to another or “walking”, also called perform inchworm-
like movement.!®!! The end-effector at the tip of the manipulator acts as a hand for capture. The
one at the base provides mechanical and electrical connections to the space station for manipulator
support and operation. Therefore, the end-effector forms a key part of the self-relocating manipulator.

Among those end-effectors applied to space servicing, there are three for self-relocation, the
Latching End-effector (LEE),'?! the Basic End-effector (BEE)'* and the reflector assembly end-
effector.

The LEE is attached to the two ends of the Space Station Remote Manipulator System (SSRMS)
which is mainly used for the International Space Station (ISS) assembly.'®~!3 The LEE can perform
soft capture and hard docking. Its capture misalignment envelope is large(dx/4-100 mm; dy/£100 mm;
dz/0~100 mm; Yaw(dyr)/£15°; Pitch(d6)/£15°; Roll(dp)/£10°). The LEE has a three-cable snare
mechanism, a rigidizing mechanism, four latching and umbilical mechanisms, an EVA (Extra
Vehicular Activity) drive, and a force moment sensor. In the rigidizing mechanism and the latching
mechanism, the spring systems are used to achieve constant preload. The mechanical power provision
and dexterous task performance are realized by the Special Purpose Dexterous Manipulator (SPDM)
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and its ORU (Orbital Replaceable Unit) Tool Change-out Mechanism (OTCM), together with its
tools. %20

The BEE is attached to the two ends of the European Robotic Arm (ERA) which is used on
the Russian segment of the ISS.?! With the force moment sensor steering and the leading edge
being carefully designed, the BEE can perform soft capture by managing the capture force and
moment within 20 N and 20 Nem, respectively. Its capture misalignment envelope is small(dx/=£25
mm; dy/225 mm; dz/425 mm; Yaw(dyr)/23°; Pitch(d0)/£3°; Roll(dg)/£3°). The BEE has a three-
hook/lever-system grapple mechanism, a connector unit, an EVA drive, a force moment sensor, and
a mechanical power output chain. The hook is preloaded by coil springs with 30 N. The rigidization
is implemented by over-centering. Because the hooks are internal jaws, the capture misalignment
envelope is limited by both the outside diameter of the grapple fixture and the integration of the
grapple and rigidizing mechanisms. Besides, without any flexible elements, the preload in the grapple
hook is sensitive to small variation in dimensions and thermal distortion. These disadvantages are
solved by the upgraded Capture Tool.?? The dexterous tasks performance is realized by EUROBOT
and its end-effectors and tools.>**

The reflector assembly end-effector is attached to the two ends of a small space self-relocating
manipulator, which is used for on-orbit assembly of a large telescope reflector. The end-effector
comprises a mechanical power output chain and a clip type grasping mechanism integrated with an
electrical connection mechanism. For both grapple fixtures, the positional misalignment envelope is
10 mm or more in the X and Y directions.

Besides the aforementioned, end-effectors of the fixed space manipulators are worthwhile,
together with the docking system of the Orbital Express (OE),*~* and the Exposed Facility
Berthing Mechanism (EFBM) and the Equipment Exchange Unit (EEU) of the Exposed Facility
(EF).>° The docking system is used for satellite docking. It has three grappling fingers for capture
and three dampers for soft docking. The rigidizaiton is realized by the grappling fingers preloaded
by the motor. By the EFBM, the EF is attached to the Pressurized Module. The EFBM comprises
four grappling fingers for large load capture, latching and release. Via the EEU, the EF payloads are
attached to the EF. The EEU consists of three grappling fingers for capture, rigidization and release.

To extend the space servicing capability, a self-relocating manipulator was developed, which needs
two identical end-effectors for self-relocation and payload handling. In this research, the end-effector
was developed. In Section 2, the prototype design of end-effector and its grapple fixture is presented.
In Section 3, the main analytic efforts of the characteristics are presented. In Section 4, the capture
misalignment envelope is achieved by analysis and simulation. The experiments are presented in
Section 5, followed by the conclusions.
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2. Requirement, Function Analysis and Structure Design of End-effector

and Grapple Fixture

As shown in Fig. 1, the space manipulator is symmetric about its elbow and has two identical
end-effectors. The end-effector is used to support the self-relocation and payload handling of the
manipulator. Its design is dominated by the requirements arising from the manipulator, task, worksite
and environment. The prototype design involves requirement, function analysis, structure design of
the end-effector and its grapple fixture, and the capture process.

2.1. Requirements
The performance index of the end-effector are shown in Table I. The principal function requirements
are listed below:

(1) To support the self-relocating capability of the manipulator;

(2) To perform soft docking and soft capture under the compliance control of the manipulator;

(3) To act equally as a wrist and shoulder unit;

(4) Provision of power, data, signal and video transmission across the mating surface;

(5) Provision of mechanical power with a standard interface such as M10 hexagonal bolt head and
socket, the drive shaft locates at the center of the end-effector;

(6) High strength, stiffness, reliability and long life, whether it acts as a shoulder base or wrist hand;

(7) Provision of manual release and EVA drive;
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Fig. 1. Space manipulator.

Table I. Performance index of the end-effector.

Number Item Value
1 Size/mm <®330%400
2 Grapple fixtures/kg <8
3 Mass/kg <35
4 Output torque/(Nem) >40
5 Preload/N >12,000
6 Capture and latching time/s <240
7 Operation times >1000
dx
Positional misalignment/mm  dy >40
8 dz
Yawl/dyr
Angular misalignment/(°) Pitch/do >4
Rollldgp

(8) Force moment sensor;
(9) The end-effector must be modular and designed as an ORU.

In addition, there are some specific safety requirements of the end-effector as below:

(1) The capture must be successful every time;
The end-effector must be able to grasp the grapple fixture even though a misalignment between
the end-effector and the grapple fixture exists, and even before it is calibrated.

(2) The end-effector must have emergency release capability;
If a large external force would act on the capture fingers, they must be able to release the grapple
fixture rapidly before the completion of the grappling operation. This would prevent the capture
fingers from damage.

(3) For payload transfer, one end-effector attached to the grapple fixture acts as a shoulder base, and
the other acts as a hand for payload holding. If there is a large external force would apply to the
payload, the shoulder base end-effector must be able to stably grasp the grapple fixture mounted
on the base, the wrist end-effector must be able to simultaneously hold the payload so that it
cannot become debris in space.

(4) The end-effector and the grapple fixture with payload must be able to be released by the astronauts
EVA if any inadvertence happens.

2.2. Function analysis
According to the requirements, the functions of the end-effector assembly are subdivided. The
evaluations and trade-off studies of the main function schemes are as follows:
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(1) Capture
The capture capability of the end-effector is very important for OOS. There are many capture
methods, among them five different schemes are evaluated:
(a) Cables-probe capture;
(b) Fingers-(flexible) probe-ball capture;
(c) Cone-probe capture;
(d) Fingers deployment capture;
(e) Fingers closure enveloping capture.
The methods (a), (b) and (c) can achieve a good capture capability, but they cannot realize the
mechanical power output because of the probe. As for the method (d), the capture envelope is
limited by the outside diameter of the grapple fixture. The deficiencies of the methods (a), (b),
(c) and (d) can be complemented by the method (e). As a result, the capture is based on the
enveloping capture with fingers. After further comparison and extensive evaluation, three capture
fingers and a trefoil are selected as the capture strategy of the end-effector. The synchronization
of the three capture fingers is achieved by their synchronous actuation. And it is established at
assembly.

(2) Retraction
The reeling back and ball screw are usually used for retraction. The reeling back scheme will
increase complications. Instead, with the successful application experience in space, the retraction
is implemented by the ball screw and nut.

(3) Rigidization
The predecessors of the end-effector perform rigidization by either the latching mechanisms
with an individual drive or the integrated grappling mechanism. The former adds mass and
complications to the end-effector, while the latter sacrifices the capture capability envelope.
Synthesizing the two methods, a mechanical linking scheme is proposed, which simplifies the
mechanism and simultaneously makes the capture and latching functions separate.

(4) Interchangeable manipulator interface
The end-effector is an ORU and all the interchangeable interfaces of the manipulator are uniform
and standard.

(5) Interface stiffness
To enhance the interface stiffness, the load paths are refined to pass only along the shell of
end-effector. And the wide contact surface between the end-effector and the grapple fixture is
employed to enhance the interface stiffness.
As a result, the end-effector and its grapple fixture are designed based on the corresponding
function schemes, as shown in Fig. 2. The end-effector has three capture fingers and three sets of
latching mechanisms. The grapple fixture is a trefoil structure.

2.3. Structure design of end-effector

As shown in Fig. 3, the end-effector consists of a cover plate subassembly, a canister subassembly,
a force moment sensor and a manipulator interface. The cover plate subassembly is attached to the
canister subassembly under which is a force moment sensor and a manipulator interface in turn.
Within the canister subassembly is a capture drive chain, a mechanical power output chain, and an
EVA drive mechanism. On the exterior surface of the canister subassembly is a hand-eye camera and
an electrical control box (Fig. 2).

The cover plate subassembly is used for alignment and engagement between the end-effector and
the grapple fixture. It has a cover plate on which are three electrical connectors, three curvic teeth,
three break switches and three positioning struts. Each strut is integrated with a spring-damper system
for soft docking.

The capture drive chain provides capture operation and drive. It contains a brushless DC motor, a
gear cluster, a ball screw and nut, a force sensor, a linear position sensor, three capture fingers and
three sets of latching mechanisms. The force sensor measures the applied force on the screw, while
the linear position sensor measures the nut position. The three capture fingers are axisymmetrically
attached to the nut and simultaneously restricted on the three guide pins via their sliding groove. The
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Fig. 2. End-effector and grapple fixture.

latching mechanism is also installed on the guiding pin and can rotate around it. It is symmetric about
the capture finger.

As shown in Fig. 4, the capture finger and the latching mechanism constitute a linkage mechanism.
The capture finger can only slide on the guide pin and drives the latching mechanism rotation
via the engagement between the linking hook and the linking shaft. To engage successfully every
time, the return springs are employed to make the linking shaft return back to its initial position
where it is within the capture capability of the linking hook. The return springs are used to
make the latching fingers return back to their initial position where they are in contact with the
shell.

The mechanical power output chain is used to provide mechanical power to fasten/unfasten the
payload. It contains a brushless DC motor, a gear cluster, a drive shaft with a M10 hexagonal bolt
socket. The shaft is inside the hollow screw, and they are coaxial.

2.4. Structure design of grapple fixture

As shown in Fig. 5, the grapple fixtures are trefoil. The large grapple fixture contains a trefoil body,
a vision target, six elastic elements and three curvic teeth. The trefoil body integrates a cylinder, an
interface plate and three wedges. All the wedge surfaces intersect the cylindrical surface. The grapple
fixture has three capture feature spaces corresponding to the capture finger tips. The elastic elements
are used to produce the constant deformation preload for rigidization and simultaneously absorb the
errors in assembly, structural and thermal distortions during the operation. The small grapple fixture
has a trefoil body and a vision target. It is attached to small and light payloads, and its preload is
performed by the capture fingers.
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Fig. 3. End-effector cross-section.
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Fig. 4. Linkage mechanism.
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2.5. Capture process
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The capture process corresponds to the sliding groove of the capture finger, as shown in Fig. 6. It
contains capture positioning, envelope and shape constraint, closure centring, dragging and mating,

latching and rigidization, as shown in Fig. 7.

(1) Capture positioning

The capture fingers of the end-effector begin in a maximal deployed state and the latching
mechanisms begin in the initial position. The end-effector is positioned where the fixed grapple

fixture is within its capture capability.

(2) Envelope and shape constraint

On receipt of command, the motor begins to actuate the ball screw which translates the nut along
the length of the end-effector. The nut moves the three capture fingers. The capture fingers slide on
the guide pins along the deployment/closure segment and close. The wedge shaped architecture
of the grapple fixture guides the finger tips into the capture feature spaces. The capture is achieved

as the grapple fixture is constrained within the boundary of the capture fingers.
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(3) Closure centring
The capture fingers continually slide throughout the transition segment. The capture finger tips
engage with the capture feature spaces and center the grapple fixture. As a result, there only
leaves an axial offset between the end-effector and grapple fixture.

(4) Dragging and mating
As the capture fingers slide along the linear sliding segment, their hooks engage with the interface
plate and draw it down together. As retraction proceeds, the linking hooks begin to engage with
the linking shafts, and then actuate the latching mechanisms rotation. Once the latching rollers
contact with the interface plate, they actuate it to separate from the capture fingers and continually
move down. When the three positioning struts enter the tapered pockets, a three-point alignment
between the end-effector and the grapple fixture comes into being. With further retraction, the
curvic teeth engage with each other for fine alignment. When the break switches send out
indications, the engagement between the end-effector and the grapple fixture is complete. The
grapple fixture is fully constrained.

(5) Latching and rigidization
The rigidization then occurs. The rotation of latching fingers causes the elastic elements to produce
deformation. When all the latching fingers rotate to their final positions, the deformations are
at their maximum value. The corresponding deformation load causes the end-effector and the
grapple fixture to rigidize as a whole. At the same time, the capture fingers stop and the rigidization
state is held.

At steps (2) and (3), the capture fingers independently capture the grapple fixture. At steps (4) and
(5), the capture fingers actuate the latching mechanisms to rotate and latch the grapple fixture.

From the presentation above, it can conclude that the linkage mechanism is the key component
of the end-effector and its motion corresponds to the capture process which will be reclassified and
analyzed in the next section.

3. Linking Relationship during Capture, Dragging, Linkage, Latching and Release Phase

Section 2.5 shows that the capture process is a mechanical linking process relating to the grapple
fixture, the capture finger and the latching mechanism. The linkage mechanism comes into being in
the middle of the capture process, called middle process linking. According to the difference of the
counterparts acting on the grapple fixture, the capture process is reclassified into a capture, dragging,
linkage, latching and release phase. In each phase, their linking relationships are presented as follows.

3.1. Relationship during capture phase

The capture phase contains steps (2) and (3). During the phase, the capture fingers interact with the
grapple fixture and the latching mechanisms are static. With simplification, the grapple fixture, the
capture finger ACFIGHN, the link MB, and the latching finger DEBJ are shown in Fig. 8. The loop GH
is the sliding groove and the included angle of its center lines /Q and ON is equal to 30°. The points
A, M, and J(m, —g) are the centers of the linking hook, linking shaft, and guide pin, respectively. The
corresponding relations are listed as follows.

The dimensional relationships of the capture finger are

d<a
{ e<b’ M
The dimensional relationships between the grapple fixture and the capture finger are
dy <m < Rg
m=a+ R, . 2)

n<m

When the centering exists, the line GQ is parallel to the z-axis and the linking hooks are over the
cover plate. This condition is written as

XG =X =m
{g<b—e ’ )
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Fig. 8. Positional relationship among components.
The angles ® and yx of the capture finger coincide, which is given by
¢ = x. “)
The trajectory of the point N is parallel to the z-axis, which is given by
XN =nNn
imv:—g—(m—n)cotx' ®)

The trajectory of the point F is obtained from the point N, which is given by

Xp =n+4csing + bsin(¢ — 30°) — a cos(¢p — 30°) 6
2r = —g + (m — n) cot o + Sy + ¢ cos ¢ + b cos(p — 30°) + asin(d — 307> O

where 30°<®<dy<90°.

At any time, the displacement Sy of the point N can be measured by the linear position sensor,
its velocity can be calculated by a data fusion algorithm. The displacement Sy can be used to solve
the displacement of the capture finger which contains a sliding displacement Sgs and an angular
displacement ©.

At any time, the displacement Sy is calculated as

Sy = (m —n)(cot x — cotgy). @)
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Therefore, the sliding displacement Sg; is

1 1
SFs:(m_n)< - ) ®)

siny  sing¢y

And the angular displacement ® is
© =g — x. ©)
During the capture phase, the whole displacement Sy of the point N is
Syi = (m —n) (V3 — cotgy). (10)
The angular displacement Ay of the latching fingers is
Ay =0. (11)
The distance dgg; between the grapple fixture and the end-effector is

dger = b — g — hr. (12)

3.2. Relationship during dragging phase
The dragging phase is from the closure centring to the engagement of the linking hook with the
linking shaft. It is the first segmentation of step (4). During this phase, the capture fingers retract and
draw the grapple fixture down together while the latching mechanisms are still static.

Equation (3) shows that angle @ is a constant and angle x changes with the motion of the capture
finger, which is given by

¢ =30°
{ X = arccot (% + cot¢0) ) (13)
During the dragging phase, the whole displacement Sy is
Swa=b— e+ Ly sin(o+ Bo) — /L3y — (d — Ly cos (o + o)) (14)
The angular displacement Ay is
Ay =0. (15)

The distance dgg, becomes

dogr =b—g—hr — Snv2

=e—g—hr— (LBJ sin (yo + Bo) — \/ngwg —(d — Lpycos(y+ ,30))2> . (16)

At the end of the dragging phase, the linking hook would engage with the linking shaft. The
prerequisite of the engagement is that the linking shaft is always within capture capability of the
linking hook, which is written as

XA Sxy=m
1
(g, a7

where x4 = m — d. With Eq. (3), the condition z); < z4 is always tenable and the prerequisite is
reduced to

0 < Lypcos(By+ vo) — Lyp cos(ag + yp) < d. (18)

https://doi.org/10.1017/50263574715000302 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574715000302

2700 End effector for self-relocation

When at the moment of engagement, the point M and A coincide, which is described by

{xszA {LBJCOS(V+,30)_LBMCOS(05+V)=d
—Lpgysin(y 4+ By) + Ly sin(a + y) = —(m —n)cot x +b+‘/7§c—e'

(19)

iM = ZA

And the capture finger and the latching mechanism constitute a linkage mechanism.

3.3. Relationship during linkage phase

The linkage phase is from the engagement to the beginning of the contact between the latching
rollers and the grapple fixture. It is the second segmentation of step (4). During the phase, the capture
fingers draw the grapple fixture and simultaneously drive the latching mechanisms rotation. With
a simplification, the linkage mechanism M(A)BJ is similar to a rocker slider mechanism and has
eccentricity d. The point A and the line segment BJ act as a slider and a rocker, respectively. Their
corresponding relationships are presented as follows.

The line segment BJ is not a crank but a rocker, which is given by

Ly — Lyp <d. (20)
The linkage mechanism can move, which is given by
d<LB]+LMB~ (21)

The range of the link length L, p can be calculated according to the initial position (¢ = «y,
y = yo) and the latching position (¢ = o1 <90° and y = 90°) as

Loosi
d+ Lgysinfo < Lyg < 22 s.1n (vo + Bo) + g 22)
sin (Yo + o)

The range of the rocker length L, can be calculated according to the initial position (y = y) as

m—d2

L < -
BI™ cos (vo + Bo)

(23)

To obtain the transfer function of the linkage mechanism, first presume that it is the rocker BJ that
drives the slider (point A) and the corresponding transfer function S(y) is

S() = Lassin(y + o) £ /L3y — (@ — Ly cos (v + o)), (24)

where the domain of the angle variable y is the angular displacement of the latching fingers, 3y <
y < 90°. Therefore, the transfer function S(y) is reduced to

S(y) = Lpysin(y + Bo) — \/L;ZWB —(d — Lgycos(y + Bo)) (25)

where yp < y < 90°.
As shown in Fig. 9, the trajectory curve S(y) shows that it is a continuous, monotone function. Its
inverse function S~!(s) is the transfer function of the linkage mechanism given as

2Ly (d* + 5*
S (s) = sec”! i ( t ) —Bo
d3 +\/—A‘2 (dZ - (LBJ - LBM)2 + Sz) (dZ - (LBJ + LBM)2 + S2)+d (L%j - L%V[B + SZ)

(26)
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Fig. 9. Transfer function S(y) curve.

where

Ly sin(yy + Bo) — \/LZZVIB — (d — Lgy cos(yo + Bo))?

< = Lyycos fo— L3y — (d + Ly sin fo)2.

The displacement Sy3 is

Sy = (LBJ sin (1 + Bo) — \/L?WB —(d —Lpycos(y + ﬂO))2>

+ (_LBJ sin (yo + Bo) + \/LZZVIB —(d — Lpycos(y + ﬁo))z) . (27)

The angular displacement Ay is

Ay =y — . (28)

The distance dg g3 is

does =b—g —hr — Sy2 — Sn3

=e—g—hr— (LBJ sin (y1 + o) — \/L,ZWB —(d = Lpycos(y1 + ﬁo))z) - (29

The pressure angle ap is
ap =90° — (a — Bo). (30)
The minimum driving angle Y, is
Ymin = a0 — Po- 31

The velocity and acceleration of the linkage mechanism can be calculated according to the closed
vector polygon and its projection on the x-axis and the z-axis. The guide pin, rocker and link are
numbered 1, 2 and 3, respectively (Fig. 8).

The vector equation of the closed polygon is

Lys+Lgy+d+5=0. (32)
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And its projections on the x-axis and the z-axis are

(33)

ZX =0=Lpysingy + Lgysings; +d =0
ZZ:O:>LBJCOS(/J21 + Ly cosps —s =0

where
021 =90° + (y + Bo)
031 =270° + (¢ + )’

The time derivative of Eq. (33) is calculated to solve the angular velocity of members 2 and 3. The
angular velocity of the rocker is

. . COS @3] (34)
@21 =S - .
Ly sin (31 — ¢21)
And the angular velocity of the link is
. . — COS ¢
G = : (35)

$ . )
L gy sin (@31 — @21)

With Egs. (34) and (35), the second derivative of Eq. (33) is calculated to solve the angular acceleration
velocity of members 2 and 3. The angular acceleration of the rocker is

; . cos [ cos? cos?
2 Lp;sin ((;:fl_ ©21) ’ [LB,L(p;:,, L%:Ja31 cos (1 = <p21)] sin® (31 — @21) (36)
And the angular acceleration of the link is

. i} COS @y o[ cos?gs | cos® gy

e = _SLBM sin (@31 — ¢21) |:LBMLBJ L%, cos (a1 = ¢21)] sin3 (@31 — ¢21) G7

3.4. Relationship during latching phase

The latching phase is from the contact to the end of latching rigidization. It contains the final
segmentation of step (4) and step (5). During the phase, the capture fingers separate from the grapple
fixture and only drive the latching mechanisms, while the latch fingers interact with the grapple
fixture. The latching phase consists of a latching capture, actuation apart and latching rigidization, as
shown in Fig. 10. The corresponding relationships are presented as follows, including the latching
dimensions, the capture force and latching force.

(1) Latching capture

The latching capture is where the latching fingers successfully capture the grapple fixture during
rotation. It is the prerequisite of the latching. The critical condition of capture success is when the
latching fingers rotate to the position where the latching rollers and the line x = d; are tangent at
the point 7, the mating surface of the interface plate is below, or at most horizontal to, the point
T of tangency. This condition can be described by

—r—d
Y= 180"—6’L—arccos( .m 2r ! 2)
V(Lpg — Lgysin Bo)* + (Lge — Lgy cos o) ,

Lpgsiny; + Lpgcosy; > e—hr + \/L?WB —(d — Lgjcos(y1 + o))’
(38)

Xt = dl
Zr > dges

where 6; = arctan (w)

Lpg—Lpycos By
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(a) Latching capture (b) Actuation apart (c) Latching rigidization

Fig. 10. Latching process.

(2) Actuation apart

The actuation apart is that the latching fingers actuate the grapple fixture to separate from the
capture fingers. It is used to realize the functional independency of the capture and latching. The
prerequisite of the separation is that the velocity of the capture finger vcr is less than that of the
grapple fixture vgr which is substituted with the projection of the velocity of the point 7 on the
z-axis. To obtain the velocity of the point 7, some auxiliary lines are added, as shown in Fig. 11.
The line JK is parallel to the inclined plane of the interface plate and perpendicular to the line
TK at point K. The separation condition is given by

UCF < UGF
{ UcF =S (=5 < ¢21\/(LJD cos (y + 8 +0.))* + (Lypsin(y +8+6.)—r)*cos (8 +67) ,
UGF = Uty

(39)
_ —Lyp sin(y+6+6,)
6r = arctan (TLARE) |
Lip =+/(Lpg — Ly sin o)’ + (Lpg — Ly cos o)

(3) Latching dimension
In the rigidizing state, the flexible element produces a preload deformation. The dimensional
correlation among the latching finger, latching roller and interface plate is given by

where

(Lpeg — LypcosfBo) —g <r + hr. (40)

(4) Capture force and latching force

During each phase, the force analysis of the linkage mechanism is shown in Fig. 11. It shows that
the capture fingers independently interact with the grapple fixture during the capture, dragging
and linkage phase, the acting force F; can be regarded as a capture force. During the latching
phase, the latching fingers independently interact with the grapple fixture, the acting force Fp g
can be regarded as a latching force. The two forces are independent each other, i.e., the capture
and the latching functions are independent each other.

During the latching phase, the dynamic equation of the capture finger is

Y X =0

ZZ:mC's'

= Fy — N (sin(a + y) — picos (@ + y)) = mcs, 41)
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e-re

Fig. 12. Relationship among components during release.

where f; = w1 Ny.

The latching force Fip is resolved into a normal force Ngp and a tangential force fgp (Fig. 11).
The forces N, and N, are a pair of acting force and reacting force. The dynamic equation of the
latching mechanism is

Y My =Jién = “2)
Nj % Lgysin(a — o) — (2 — ) Ngp * Lpy cos (8 +y +61) — ruaNgp = Jusén

where fgp = u2Ngp.

3.5. Relationship during release phase

The release phase is the inverse process of the capture operation. During the phase, the capture fingers
stretch out and deploy with a release speed. The spring-damper system can separate the end-effector
from the fixed grapple fixture with a limited distance so that the distance d¢g is not long enough for
the stretch and deployment of the linking hook. To avoid an impact between the linking hook and
the interface plate, an axial separate velocity of the end-effector with respect to the grapple fixture is
required and performed by the manipulator. It comes with the release speed of the capture finger. As
shown in Fig. 12, the fixed grapple fixture acts as a datum. The relationships are presented as follows.

Presume at the time ¢, the release displacement Sy of the capture finger is

Sy = vcEt. 43)
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The release of the lathing fingers is the first release phase during which the end-effector should
be static. Therefore, the distance Sy is equal to the distance dggs, the distance dgg is zero. The
corresponding time ¢, is

1 = dgg3/VcE. (44)

The separate velocity vgg happens after the deployment of the latching fingers. Presume the initial
time is £,(¢, > t;), the distance dgg is

dce = vgg (t — 1), (45)
where ¢ > #,. And the distance dpg between the capture finger and the grapple fixture is
dFG = SN — dGE- (46)

To avoid a force from being produced between the capture finger and the interface plate, distances
drg 1s positive, which is expressed as

dFG > 0. (47)

Any time, the correlation between the two distances dpg and dg is
dGLze—rC—hT—ng. (48)

To avoid the linking hooks from impacting the interface plate, the distance (dgg — r¢) is greater
than the maximum pike of the point A, which is written as

doe = (ZA)max + Tc- (49)

Equation (49) will be stringently constrained in the next section.

Presume the separate velocity vgg is very small or the separate time is very short so that when
the distance dgp is equal to zero, the distance dgg just meets Eq. (44). The critical condition is
described by

{ch,=€—rc—hT

. (50)
dGE > (ZA)max +rc

Equation (50) suggests that there is a lot of choices for the separate velocity vgg. For example,
it can occur when the distance dg is nearly equal to zero and the capture finger stops, which is a
time-consuming. The best way is that the separate velocity vgg follows the release velocity ver after
the latching release phase.

Thus, the relationships of the mechanical linking process make the capture operation definite. The
middle process linking makes the capture and latching functionality independence. Accordingly, the
capture force and the latching force are independent of one another. For release, a separation velocity
of the end-effector comes with the release speed of the capture fingers. In addition, the functionality
independence would make the end-effector achieve large capture misalignment envelope which will
be presented in the next section.

4. Model Capture Misalignment Envelope Analysis and Simulation

According to the relativity, the capture misalignment envelope of the end-effector can be defined as
the motion range of the grapple fixture within the boundary of the three capture fingers. It contains
the positioning error of the end of the manipulator and determines the on-orbit capture capability of
the manipulator. Therefore, the capture misalignment envelope of the end-effector is analyzed and
simulated as follows.
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Fig. 13. Enveloping boundary and the interface plate.

4.1. Capture misalignment envelope analysis

The definition aforementioned illustrates the initial states of the end-effector and the grapple fixture,
as shown in Fig. 13. The end-effector is fixed. Its three capture fingers begin in the maximal deployed
state and form an enveloping boundary. The grapple fixture is within the boundary. Their coordinates
align with an offset in the z direction. The grapple fixture moves along or rotates around the coordinate
axis so that the range of each misalignment variable can be analyzed independently. Its upper limit and
lower limit are determined by the boundary. Presume that the boundary has a tip circle, an inflectional
circle, a lower and an upper circle in a turn.

(1) Positional and angular misalignments in the XOY plane

In the XOY plane, the positional misalignments are dx and dy, the angular misalignment is dg(roll).
The initial state of the grapple fixture is projected on the XOY plane, as shown Fig. 14. The plane
OF;I; (i =1, 2, 3) is the plane of symmetry of the capture finger i (i = 1, 2, 3) and the capture
feature space i (i = 1, 2, 3). The points A;, B;, C; and D;(i = 1, 2, 3) are the boundary points
of the capture feature space i (i = 1, 2, 3). In the dexterous robot hand such as Metahand and
metamorphic anthropomorphic hand, a finger-operation plane and its normal are used to analyze
the workspace of the fingers and the orientation and pose of the hand.>!-3? Therefore, the finger
plane is a key factor in the misalignment analysis.

There are four criterions for analysis. First, the boundary points A; and B; (i = 1, 2, 3) must
distribute the two sides of the plane O F;I; (i = 1, 2, 3), which ensures that the capture finger
is forever within the capture feature space. Second, the interface plate i (i = 1, 2, 3) must be
within the planar enveloping boundary of the capture finger i (i = 1, 2, 3), which ensures that the
capture finger hook can always enter the capture feature space. Third, the cover of the grapple
fixture must be above the boundary of the three capture fingers, which complements the second
criterion. Finally, the interface plate must be between the linking hooks and the capture finger
hooks, which ensures that the linking hooks can slide inside of the end-effector.

(a) Positional misalignment dy

The positional misalignment dy is the translation distance of the grapple fixture in the y direction.
Therefore, a serial of auxiliary lines through the points A;, B;, F; and I; (i = 1, 2, 3) are added
parallel to the y-axis. Some lines intersect both the plane O F;I; (i = 1, 2, 3) and the wedge
surfaces A; D;, B;C; (i =1, 2, 3). Between them the line segments are the translation distances
of the grapple fixture. Among them, the minimum value is the positional misalignment dy. The
translation of the grapple fixture along the y-axis is symmetrical. There are two distances dy,
and dy,.
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Fig. 14. Analytic schematic of the misalignments (dx, dx and d¢) in XOY plane.

In spaces 2 and 3, the distance dy, is the maximal translation displacement of the grapple fixture
before the wedge surface A, D, or B3C3 impacts the capture finger 2 or 3. And it is given by

dy; = rrpcos30° — R, sin (60° — )
R, sin (60° — B) — Ry sin (60° — B + ¢)
R; cos (60° — B) — Ry cos (60° — B+ ¢)

(Rycos (60° — B) —rpsin30), (51)

R>4+R2—L%?
where ¢ = arccos ( 53—

2R\ R
In space 1, the distance d; is the maximal translation displacement of the grapple fixture and the
boundary point B is in the capture finger plane O F ;. It is a critical condition to meet criterion

1 and given by

dy2 = R;sin ,3 (52)

By comparison, the minimum value is dy,. Therefore, the positional misalignment dy is
—Rysin <dy < R, sinB. (53)

(b) Positional misalignment dx

The positional misalignment dx is the translation distance of the grapple fixture along the x-axis.
Similarly, a serial of auxiliary lines through the points A;, B;, F; and I; (i = 1, 2, 3) are added
parallel to the x-axis. Some lines intersect both the plane O F;I; (i = 1, 2, 3) and the wedge
surfaces A; D;, B;C; (i = 1, 2, 3). A line through the point F) intersects both the cylindrical
surface C| D and the hemline 1. These line segments are the translation distances of the grapple
fixture. Among them, the minimum value is the positional misalignment dx. The translation of
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the grapple fixture along the x-axis is not symmetrical. There are two distances dx; and dx; along
the negative x-axis, and two distances dx3 and dx4 along the positive x-axis.

e Distances dx; and dx; along the negative x-axis

In space 1, the distance dx; is the maximal translation displacement of the grapple fixture. And
the hemline 1 of the interface plate intersects the planar enveloping boundary of the capture finger
1 at the point Fj. It is a critical condition to meet criterion 2 and given by

d)C] :dl —Rl. (54)

In spaces 2 and 3, the distance dx; is the maximal translation displacement of the grapple
fixture. And the boundary points B, and A3 are in the capture finger planes O F,1; and O F3 13,
respectively. It is a critical condition to meet criterion 1 and given by

2 .
dx, = ERQ sin 8. (55)

By comparison, the minimum value is dx,. Therefore, the low limit of the positional misalignment
dx is
(dX)y = —min{dx;, dx,} = —dx,. (56)
e Distances dx3 and dx4 along the positive x-axis
In space 1, the distance dx; is the maximal translation displacement of the grapple fixture before
the cylindrical surface D;C; impacts capture finger 1. And it is given by

dX3:r1:—R1. (57)

In spaces 2 and 3, the distance dx4 is the maximal translation displacement of the grapple
fixture. And the boundary points A, and Bs are in the capture finger planes O F,1; and O F3 13,
respectively. It is a critical condition to meet criterion 1 given by

2 .
dxy = ERQ sin 8. (58)

By comparison, the minimum value is dx4. Therefore, the upper limit of the positional
misalignment dx is

(dx), = min {dxs3, dxs} = dxy. (59)
With Egs. (56) and (59), the positional misalignment dx is

2 2
——Rysinf <dx < —R,sinf. (60
7 2sin B Nk B )

(c) Angular misalignment de(roll)

The angular misalignment dy is the rotation angle of the grapple fixture around the z-axis. The
rotation is symmetrical. Presume that it is a clockwise rotation. For example, in space 1, the
wedge surface A} D; is not the radial plane of the grapple fixture, i.e., the line segment A D
is not the radius OgA;. Thus, it cannot coincide with the plane O FI; during the rotation. The
boundary point D; first reaches the plane O F I}, and then point A;. When the point D reaches,
the boundary points A; and B; (i = 1, 2, 3) still satisfy criterion 1. But when the boundary point
A reaches, the boundary points A;, and B; (i = 1, 2, 3), they are in the critical state of criterion
1, and the angle of rotation is up to the limit of 8. Therefore, the angular misalignment dg is

—B=dp =<8 (61)
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Fig. 15. Analytic schematic of the axial positional misalignment dz.

(2) Positional misalignment dz

The positional misalignment dz is the translation distance of the grapple fixture along the z-axis.
Its analysis is based on criterions 2 and 4. The planar enveloping boundary of the capture finger
is shown in Fig. 15. The capture finger is in an initial deployment state ACFIGHN and an initial
closure centring state A;C; F;1,GH;N;. The points K, and K are the projections of the points
F and Ag on the x-axis, respectively. The boundaries are the line segments FI, IW, WA, A K,
KKy and KoF; and the curves FF; and AA;. Because the curve AA; and the linking hook
intersect, the curve AgAg; is a substitute. The point Ay is the intersection point of the linking
hook tangents. In U Og W (XOZ) plane, the mating surface and the incline of the interface plate
intersect at the point M which is in the hemline.

The grapple fixture translates along the positive z-axis. When it is at the maximal distance dz;,
the interface plate is outside of the planar enveloping boundary and intersects the curves F F)
at the point M|(d;, dz;). It is a critical condition to meet criterion 2 and acts as the upper limit.
When the grapple fixture is at the minimal distance dz,, the interface plate is inside of the planar
enveloping boundary and intersects the curves AgAgp; at the point M,(d;, dz»). It is a critical
condition to meet criterion 2 and acts as the lower limit. Therefore, the positional misalignment
dz is between the distances dz, and dz;.

With Eq. (6), the maximal distance dz; is calculated as

xp, = di [ —g — (m —n)coty; + ccos Po1+
{ZMI =d; = da = (bcos(q&m —30°) + a sin(¢g — 30°) ) (62)
where ¢y, = arctan (M> + arcsin 2di—n) )
—a++/3b+2c \/(—a+«/§b+2c‘)2+(\/§a+b)2

Substituting @ and b in Eq. (6) with (d + r¢) and (b—e + r¢), respectively. The minimal distance
dz, is calculated as

Xp, =dy d,= (78 (m — n) cotegy + ¢ cos gpor+ 63)
m, = dyp 22 (b — e+ r¢)cos(don — 30°) + (d + r¢) sin(gor — 30°) )
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Fig. 16. Analytic schematic of the angular misalignment di/ (yaw).

where

b+3d —e+ (34 Dre )

= arctan
2 (ﬁb+2c—d—ﬁe+(f3—1)rc

2(d1—n)
\/(\/gb+2c—d—«/§e+(\/§—1)rc)2+(b+x/§d—e+(«/§+1)rc)2

+ arcsin

Therefore, the positional misalignment dz is
dp <dz < d;. (64)

It ensures that the interface plate is always between the capture finger hook and the linking hook,
which is criterion 4. Equation (64) stringently constrained the release condition in Eq. (49).

(3) Angular misalignment dy/ (yaw)

The angular misalignment dv is the rotation angle of the grapple fixture around the x-axis. The
rotation is symmetrical. Presume that it is a counter-clockwise rotation, as shown in Fig. 16. And
presume that the capture finger plane O F;I;(i = 1, 2, 3) intersects the corresponding interface
plate hemline i (i = 1, 2, 3) at the point P; (i = 1, 2, 3). During the rotation, the point P is static,
while point P, ascends and point Ps descends.

The trajectory of the point P;(i = 2,3) is a line of intersection of the capture finger plane
OF;I;(i =2, 3) and the surface of revolution of the hemline i (i = 2, 3). It is an elliptic curve

expressed as
di\* 3, [(3d\°
- ==, 65
(0 2o (2 .

where —1d; <x < —1R;;0<z < \/% (2dy + Ry) (dy — Ry).
The correlation between the angle ¢ and the coordinate components x, y and z of the point
P; (i =2, 3) is given by

= z=ytany = —/3x tany. (66)
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Substituting Eq. (66) into Eq. (65), we yield a parametric equation as follows:

2d, cos
Xp=————~
- 3+ cosy)
2/3d, cos yr
Lyp ="t — 2 (67)
B+ cosyr)
_ 24/3d;siny
th = (3 + cos )
With the domain x in Eq. (65), the range of the angle  is calculated as
0y < sl (68)
arccos [ ———— ).
- 4d; — R,

In addition, the range of the angle ¢ can be further constrained by criterions 2 and 3 as follows.
In space 2, the interface plate must be within the enveloping boundary of capture finger 2.
Therefore, the point P>(xp2, Zp2) is below the corresponding boundary curve point Fpi(xp; =
XF21, ZF21), Which is expressed as

Xp, = Xp, N 2/3d; sin yr (8- (m — n)cot gy + ¢ cos o3+ (69)
P, < I, (3 4cosyr) — \ beos(gos — 30°) + asin(gos — 30°) )’

4d) cos yr

2t )
where — arctan (M) + arcsin Geos 1) '
¢03 —a++/3b+2c '\/(_a+\/§b+26)2+(\/§a+b)2

In space 3, point P; is undoubtedly below point P,. It satisfies the upper limit of criterion
2 according to the analysis of the positional misalignment dz. To meet the lower limit, point
P;3(xp3, zp3) must be above the corresponding boundary curve point Ay (Xp3 = X031, 24031)»
which is written as

XPy = XAg, =dz— Zﬁdl sin > 78— (m — n) cotdog + ¢ COS Pog
2Py = ZAg, " (B4cosy) — \t+ (b—e+rc)cos(éos — 30°) + (d+rc) sin(gos —30°) )
(70)

where ¢4 = arctan (M> + arcsin < 2((4;1:(’0:% _n) >

—a++/3b+2¢ V(—a-+/3b207+(a+by
In space 3, the cover of the grapple fixture descends with the rotation and has the lowest point.
To make criterion 3 be tenable, the cover of the grapple fixture is above the highest point of the
planar enveloping boundary of capture finger 3. It is described by

dz+ (hs + hr)cos ¥ — Rysinyy > (zp,) (71)

max *

Presume that v, is the minimum value among the solutions to Egs. (68)—(71), the angular
misalignment di is

_Wmin =< dl/f =< wmin' (72)

(4) Angular misalignment d6(Pitch)
The angular misalignment d6 is the rotation angle of the grapple fixture around the y-axis. The
rotation is not symmetrical and the constraint conditions change with the direction of rotation as
follows.

(a) Clockwise rotation
In space 1, Fig. 17 shows that point P; ascends and its trajectory is a circular curve expressed as

Ctd=d, 73)

where O0<x<d;, 0<z<d,.
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Fig. 17. Analytic schematic of the angular misalignment d6 (pitch).

To satisfy criterion 2, the point P;(xp;, zp1) must be below the corresponding boundary curve
point Fii(xp; = Xp11, Zr11), Which is written as

Xp, = XF, o < [ —8&— (m —mn)coteggs + c cos dos+
{zP, <z, AT dising < <bCOS(¢05 —307) +asingos — 307 ) T
h — arct ( Ba+b ) . 2(d) cos6—n) .
where ¢y; = arctan AT -+ arcsin N/ ATy e
In space 2 and 3, the trajectory of point P; (i = 2, 3) is a hyperbolic curve expressed as
3\ 1 1
~d) - <= —dj, 75
<x'¥4.‘) 8¢ 16" (7)

where —d; /2 <x< —R;/2,0 <z
The correlation between the angle 6 and the coordinate components x, y and z of point
P; (i=2,3)is given by

tany = = >0=z=—xtany
- . (76)
y=—3x
Substituting Eq. (76) into Eq. (75), Eq. (75) becomes a parametric equation as follows:
2d; cos 6
Xpy=———F"—
14 3cosf
Vo, = 2\/§d1 cos 0 . 77
14 3cosb
. 2d; sin 6
T T 3cos0
With the range of x in Eq. (75), the range of the angle 6 is calculated as
1 1
sd) — —=l
0 < 6 < arccos (%) . (78)
1dy+ %1
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In space 2(or 3), point P, descends and is below point Pj. It meets the upper limit of criterion 2
as the analysis of positional misalignment dz. To obtain the lower limit, point P>(xp;, Zp2) must
be above the corresponding boundary curve point Ay (Xp2 = Xa021, Zao21), Which is described

by

Xpy =Ygy _y g 2180 ([ —g — (m —n)cotos + ¢ cos dos+

P, > ZAgy, 1+ 3cos® —\ (b —e+rc)cos(pos — 30°) + (d + rc) sin(gps — 30°) /)’
(79)

—a-++/3b+2¢ V(—a+v/3b+202+(3a+b)
In space 2(or 3), the cover of the grapple fixture has the lowest point, which must be above
the highest point of the planar enveloping boundary of capture finger 2(or 3) in order to satisfy
criterion 3. It is given by

2 4dq cosf “n
where ¢o¢ = arctan (M> + arcsin ( (IH il ) )

dz + (hs + hr)cos — Rysinf > (zp,) (80)

max *
Presume that 6y,,, is the minimum value among the solutions to Egs. (74), (78)—(80). It is the lower
limit of the angular misalignment df and expressed as

(d0)m = —Oim- (81)

(b) Counter-clockwise rotation

Compared with the clockwise rotation, the counter-clockwise rotation cannot change the
trajectory equations, but does change the constraint conditions.

In space 2(or 3), point P, ascends. For the satisfaction of criterion 2, the point P>(xp, zp2) must
be below the corresponding boundary curve point Fy(xpy = Xp22, ZF22). This condition can be
expressed as

= 2dq sin 0 —g — — t o7 + € COS Po7+
Xp, = XFy d el Sl g — (m —n)cotgyr 07 )
{szstzz = At T S cose _(bCOS(¢O7—30°)+aSin(¢o7—3OO) - 62

2( 4d) cost 7}1)
where ¢y; = arctan (M> + arcsin SaLl )
dor —a-++/3b+2¢ N (—a+3b+2¢P +(Ba+by?
In space 1, point P; descends and is below point P,. It makes the upper limit of criterion 2
be tenable, just as the analysis of positional misalignment dz. To obtain the lower limit, point

Pi(xp1, Zp1) must be above the corresponding boundary curve point Ag;(Xp1 = X4011, 24011)s

which is described by
AP = XAg, _ : —g — (m — n) cot g + ¢ cos og+
: tn 2 2ay, 40T AISING 2 <<b — e+ re)cos(dos — 30°) + (d + re) sin(gos — 30°) )
(83)
— M : 2(d; cosO—n)
where ¢pg = arctan <_a+ N 26) + arcsin ( J(—a+ﬁb+2c)2+(ﬂa+b)2>'

In space 1, the cover of the grapple fixture descends and has the lowest point. To meet criterion
3, the lowest point is above the highest point of the enveloping boundary of the capture finger. It
is written as

dz + (hs +hr)cos® — Rysinf > (zp,) (84)

max *

Presume that 6, is the minimum value among the solutions to Eqs. (74), (82)—(84) and it acts as
the upper limit of the angular misalignment df and is given by

(dO)ym = Oum. (85)
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Table II. Simulation data of the capture misalignment.

Position/mm Angle/(°)

Number dx dy dz dyr do dy Result
1 40 0 30 0 0 0 F
2 40 0 40 0 0 0 S
3 —40 40 65 —4 —4 —4 S
4 —40 40 65 4 4 4 S
5 —40 40 65 —4 —4 4 S
6 —40 40 65 4 4 —4 S
7 40 —40 45 4 4 4 F
8 40 —40 65 4 4 4 S
9 40 —40 65 —4 —4 —4 S

10 40 —40 65 4 —4 4 S

11 40 —40 65 —4 4 —4 S

12 —40 —40 65 —4 —4 —4 S

13 —40 —40 65 4 4 4 S

14 —40 —40 65 4 4 —4 S

15 —40 —40 65 —4 —4 4 S

16 40 40 130 4 4 4 S

17 40 40 130 —4 —4 —4 S

18 40 40 130 —4 —4 4 S

19 40 40 130 4 —4 —4 S

20 —40 40 130 —4 —4 —4 S

21 —40 40 130 4 4 4 S

22 —40 40 130 —4 —4 4 S

23 —40 40 130 4 4 —4 S

24 —40 —40 130 —4 —4 —4 S

25 —40 —40 130 4 4 4 S

26 —40 —40 130 4 4 —4 S

27 —40 —40 130 —4 —4 4 S

28 0 0 140 0 0 0 S

S: successful capture operation, F: failed capture operation

With Eqgs. (81) and (85), the angular misalignment df is
_le = do =< Qum' (86)

From (1)—(4), it can be concluded that the misalignments dx, dy, dz and dg are independent and
have a specific range. However, the angular misalignments dyy and df are related to dz. The
angular misalignment df is also related to the direction of rotation of the grapple fixture. In
addition, the angular misalignments di/, df and dg are in general coupling. Therefore, the real
results need simulations and experiments.

4.2. Capture misalignment envelope simulation
In order to achieve the capture misalignment envelope of the end-effector model and simultaneously
demonstrate the relationships, a variety of capture operations were simulated with ADAMS software.
During the simulation, the end-effector is fixed, the position and orientation of the grapple fixture
changed with respect to the coordinate system of the end-effector. After a limited position and
orientation is given, the grapple fixture is in a free floating and static state. The capture fingers
perform the whole capture operation. The simulation results show that the motion of the mechanical
linking corresponds definitely to the capture process, and the capture misalignment envelope meets
the requirements. Part of the simulation data and results are shown in Table II. The corresponding
analysis is presented as follows.

The data in row no.28 show that when the grapple fixture only moves in the z direction, its
positional misalignment dz is up to 140 mm. While the grapple fixture changes both its position and
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Fig. 18. Capture Failure and danger status.

orientation, the positional misalignment dz is only up to 130 mm. It shows that the misalignment
variables are coupling. One increase in some directions means one decrease in the others directions.
These values of the misalignments dx, dy, dz, dyr, d8 and dg can be used to preliminarily evaluate
the misalignment envelope of the end-effector. They are also used to direct the position and angle
determination during the simulation and experiments.

The data in rows no. 1, 2 and 7 show that the capture operations are failure and danger, as shown
in Fig. 18. Their analyses are as follows.

(a) When the grapple fixture is at the position of row no. 1, the failure is that the capture finger hook
and the linking hook are simultaneously in the capture feature space. The capture finger hook
is used to constrain and drag the interface plate. It should always be above the interface plate.
While the linking hook is used to go into the end-effector and drive the latching mechanism, it
must be always be below the interface plate. That is, the interface plate must be permanently
between the capture finger hook and the linking hook during the capture, which is criterion 4. As
a result, the three-finger enveloping space from the linking hook to the tip of the capture finger is
for safety, called the safe capture space, as shown in Fig. 13, in which, all the capture operations
are performed.

(b) When the grapple fixture is at the position and orientation of row no. 7, the failure is that the
linking hook imbeds in the interface plate. In fact, this situation cannot happen because all
parts are rigid. It shows that the linking hook is a key factor of the capture operation and the
capture misalignment envelope analysis, and it divides the three-finger enveloping space into
three segments: failure, danger and safety (Fig. 13).

(c) Compared with the data in row no.1, the data in row no.2 show that the grapple fixture again
moves a distance of 10 mm in the z direction. At that position, the interface plate is surrounded
by the three linking hooks. Because the grapple fixture is in a free floating state, the linking
hooks can press it into the safe capture space. As a result, the capture operation achieves success.
However, if the grapple fixture is fixed in the self-relocation and payload handling cases, this
situation would cause them to interfere with each other, or even worse the interface plate could
be seized up. Therefore, it must be avoided.

The three items demonstrate that the capture operation must be performed in the safe capture space
from the opposite point of view.
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Fig. 19. Position and angle curves of the grapple fixture and the linkage mechanism. (a) Position. (b) Angle.

Figure 19 shows the trajectory curves of the grapple fixture and the linkage mechanism during the
capture operation, which is performed when the grapple fixture is at the position of the row no. 28.
The analysis is presented as follows.

(1) Positional curve 1 is the trajectory of the capture finger tip (point F). Its curvic segment suggests
the capture phase and corresponds to capture steps (2) and (3). Its linear segment implies the
dragging, linkage and latching phase, and it corresponds to capture steps (4) and (5).

(2) Positional curve 2 tracks the centroid of the link. At the outset of the curve, it changes a little.
The reason is that when the capture finger is in the maximal deployed state, it contacts with the
linking shaft and causes the link to deploy a little. As the capture finger retracts and closes, the
return springs make the link back to its initial position and keep static. Accordingly, the curve
becomes horizontal. Then the curve changes a little again, and suggests that the linking hook
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engages the linking shaft and drives the links to mate with the latching fingers. The latching
mechanism is actuated by the linking hook to rotate as a whole until the links depart from the
latching fingers. Subsequently, the linking hook actuates the linking shaft to move, and the links
drive the latching fingers rotation till to the end, which is identical with the curvic segment.
The point of intersection of positional curves 1 and 2 suggests the beginning of the linking.

(3) Positional curves 3, 4 and 5 illustrate the change of the positional misalignments dx, dy and
dz of the grapple fixture, respectively. They have only one considerable fluctuation, especially
curve 5. It shows that the spring-damper systems can effectively prevent the grapple fixture from
impact/rebound and make the docking soft. The final curvic segment of curve 5 shows that the
grapple fixture is actuated by the latching fingers. The slope of its ascending segment is much
greater than that of the linear segment which coincides with line 6. It shows that the velocity of
the grapple fixture is greater than that of the capture finger and they separate at the initial point
of the ascending segment. Its ascending segment corresponds to the drag and mating process. Its
horizontal segment suggests the latching preload course.

(4) Positional line 6 is the trajectory of the nut or point NV.

(5) Angular curves @ and y illustrate the motion of the capture finger. They are consistent with
positional curve 1. Their coincident segment shows that the capture finger slides along the
deployment/closure segment and performs capture. Their separation point implies that the guide
pin is at the initial position of the transition segment. It shows that the transition segment is very
short and the simplification in Section 3 is reasonable. After the separation, the angle ® curve
becomes horizontal and its value is equal to 30°, while the angle x curve decreases with the
motion of the capture finger.

(6) Angular curve « illustrates the motion of the link, and it is in accordance with positional curve
2. In its initial segment, the link is back to its initial position. In its horizontal segment, the link
is static. In its descending segment, the link is actuated by the linking hook to engage with the
latching finger. In its bottom segment, the linking hook still drives the link and the latching finger
to rotate together, till the link is parallel to the axis of the end-effector. In its ascending segment,
the link and the latching finger separate, and the link actuates the latching finger rotation. The
final value of the angle « is less than 90°, which is used to ensure the secure latching for the
errors existing in the assembly.

(7) Angular curve y illustrates the motion of the latching finger, and it agrees with the angular
curve «. Similarly, there is a little change at its beginning. The horizontal segment shows that
the latching fingers are static. The final value of the angle y is equal to 90°, which is used for
complete rigidization.

The simulation data and curves demonstrate that the mechanical linking and the middle process
linking used in the end-effector are effective, and the capture misalignment envelope of the end-
effector meets the requirements. However, the simulation should be verified by experiments.

5. Prototype and Experiment for the Misalignment Envelope Calibration, and Self-relocation
Capture and Payload Handling

The engineering prototypes were built, including a seven DOF manipulator. With them, two
experiments were performed to confirm the characteristics of the end-effector and their suitability for
self-relocation and payload handling of the manipulator. They are presented as follows.

5.1. Misalignment envelope calibration

The capture misalignment envelope of the end-effector was calibrated on a semi-physical simulation
testbed system, as shown in Fig. 20. The system contains two six DOF industrial robot arm systems
and laser tracker API. The end-effector is attached to the end of the right robot arm. The grapple
fixture is mounted on a force moment sensor on the end of the left robot arm. One of their engagement
positions is selected as a datum which is calibrated by the laser tracker. Then the end-effector is static
at the datum and the right robot arm becomes rigid. Its capture fingers are in a maximal deployed
state. The grapple fixture side is movable. After the left robot arm positions the grapple fixture to a
given position with respect to the datum, it switches to a compliance control mode. The whole capture
operation is performed by the capture fingers, and the grapple fixture side follows. During the release,
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Fig. 20. Experimental system of the end-effector capture misalignment measure.

the grapple fixture separates from the end-effector with an axial velocity, which follows the release
speed of the capture fingers stretch and deployment. Based on the simulation, a serial of positions
are tested. The testing results are more excellent than the simulation results. Part of the testing data
is shown in Table III. The comparison with Table II and analysis are presented as follows.

(1) The positional misalignments dx, dy and dz influence one another. Compared with the data row
of no. 1 in Table III with those of row no. 28 in Table II, they both have only the positional
misalignment dz, and the former is a little greater than the latter. Comparing position (—45 mm,
50 mm, 144 mm, 0°, 0°, 0°) with position (—45.8 mm, 50.0 mm, 148.1 mm, 0°, 0°, 0°) of
row no. 4 in Table III, when the grapple fixture is at the former position, the simulation shows
that the grapple fixture floats away as one capture finger impacts it during capture. It suggests
that if the grapple fixture is in a free floating and static state, the best way of capture is that
the three capture fingers simultaneously contact the grapple fixture. On the contrary, when the
grapple fixture is at the latter position, the testing shows that the capture is a success without
any abnormity. Comparing the data of row no. 1 with row no. 4 rows in Table III, it shows that
the positional misalignment dx and dy are both greater than 40 mm while their dz is the same.
Comparing the data of row no. 28 row in Table II with the former position, it shows that as the
other two positional misalignments dx and dy increase, the simulation results show that the value
of dz obviously decreases. Comparing the data of row no. 4 with those of row no. 5 in Table III, it
shows that when the positional misalignment dy is —43.1 mm, the absolute value of dx is greater
than 70 mm and the value of dz decreases 3.9 mm.

(2) Asthe angular misalignments increase, the positional misalignments decrease slightly. Comparing
the data of the rows no. 13, 17-18, 21-22, 24-25, and 30-31 in Table III with those of any row
in Table II, the former is greater than the latter. The testing results also show that if the positional
misalignments decrease a little, the angular misalignments increase notably, particularly the
angular misalignment d6(roll). During the testing, the grapple fixture is constrained by the left
robot arm which is fixed, which can be imagined as the grapple fixture is constrained by a
six DOF spring attached to the base. This capture is also called constraint capture. As for the
capture of the constraint object, if one capture finger grapples the grapple fixture, the capture
is a success. Compared with the data in Table II, the data in Table III shows that the constraint
capture enlarges the capture misalignment envelope of the end-effector. As a result, the capture
misalignment envelope of the end-effector meets the requirements of both the free floating target
capture and the constraint target capture.
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Table III. Testing data of the capture misalignment envelope.

Position/mm Angle/(°)

Number dx dy dz ay do dy Result
1 —1.1 —-0.1 148.1 0.0 0.0 0.0 S
2 40.4 41.3 106.0 0 0 0 S
3 —40.5 41.4 129.2 0 0 0 S
4 —45.8 50.0 148.1 0.0 0.0 0.0 S
5 —-71.1 —43.1 144.2 0.0 0.0 0.0 S
6 —12.0 —21.5 135.1 -5.7 7.7 —16.7 S
7 63.5 —26.0 126.4 2.8 13.8 —-0.72 S
8 20.9 37.4 134.7 2.9 3.1 —22.6 S
9 26.7 —55.3 143.0 10.5 3.1 5.2 S

10 71.9 —-21.6 133.4 3.8 7.9 0.5 S

11 9.8 10.9 118.0 9.0 39 30.0 S

12 32.0 23.7 112.3 9.2 5.5 28.4 S

13 49.9 —71.7 147.0 7.0 8.5 7.9 S

14 33.7 27.55 152.0 1.8 4.8 5.6 S

15 479 78.9 129.3 1.6 4.9 34 S

16 —11.0 —53.9 131.1 —124 —4.6 12.5 S

17 —59.6 —40.7 130.7 —124 —4.6 12.5 S

18 —-59.9 —40.7 130.7 —-9.2 -93 —12.0 S

19 24.4 —28.3 131.5 —-9.2 —-9.2 —12.0 S

20 —23.1 35.9 131.3 -9.2 -9.2 —12.0 S

21 —66.2 47.7 130.8 —-9.2 —-9.2 —12.0 S

22 -75.1 —6.4 133.6 —-9.2 —-9.2 —12.0 S

23 —65.6 —62.5 1334 -9.2 -9.2 —12.0 F

24 —66.5 —61.6 123.7 -9.2 —-9.2 —12.1 S

25 50.7 355 154.3 6.2 6.1 —11.0 S

26 46.2 53.7 117.9 7.6 39 7.1 S

27 429 41.6 127.8 7.5 4.0 5.9 S

28 —44.4 59.0 126.9 7.4 4.2 4.3 S

29 —73.6 —48.4 126.0 7.4 4.2 4.3 S

30 —73.7 —48.5 134.9 7.4 4.2 4.3 S

31 65.9 —87.0 136.6 7.4 4.2 4.4 S

S: successful capture operation; F: failed capture operation

(3) As for the failure capture, the simulation illustrates it from the point view of the linking hook,
while the testing does it from the point view of the capture finger hook. During the simulation,
the capture operation is outside of the safe capture space. But during the testing, the interface
plate of the grapple fixture is inside of the safe capture space, and its failure is that the capture
finger tip trough is constrained by the edge of the wedge, as shown in Fig. 21. From the point
of view of the analysis criterions in Section 4.1, the failure reason is that the boundary points of
the capture feature space distributes one side of the capture finger plane. It is against the analysis
criterion 1. The failure capture demonstrates that the analysis criterions and methods are effective
for the end-effector.

(4) As for the soft capture, the free floating state of the grapple fixture in the simulation suggests
an absolute compliance and it leads to the success of the danger capture operation. While the
soft docking is illustrated in Fig. 19 and the corresponding analysis. During the testing, the soft
capture is achieved by the compliance motion of the left robot arm. The testing results of the
capture operation are shown in Fig. 22 when the grapple fixture is at the position of row no.
2 in Table III. The position curve of the nut shows that the capture velocity is smaller than
the release velocity which changes a little at the transition segment. For OOS, The suitable
increase of the release velocity is valuable for the decrease of the working hours and working
pressure.
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Fig. 21. Interference failure capture.
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Fig. 22. Nut position curve. Fig. 23. Motor current curve.

Figure 23 illustrates the change of the motor current. The maximum instant current is about
350 mA. The stop current is about 47 mA, the capture current is about 70 mA, and the release current
is about 105mA.

Figure 24 illustrates the corresponding force and moment. The forces in X, Y and Z direction are
smaller than 15 N, 8 N and 40 N, respectively. The moments 7, and T, are small, but the moment
T, increases greatly when the time is 64 s. The reason is that the compliance control of the left robot
arm is limited. During the capture operation testing, the industrial robot arm vibrated and the grapple
fixture moved back and forth in the boundary of the capture fingers. All the forces and moments

have the same vibration and abrupt-change phenomena. However, their steady state values are small,
which demonstrates that the end-effector can perform soft capture if the manipulator is under the
compliance control mode.
The calibration testing shows that the capture misalignment envelope of the end-effector meets the
requirements. With the compliance of the robot arm, the end-effector can perform soft capture.
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Fig. 24. Force and torque during capture operation.

5.2. Self-relocation capture and payload handling

The experiment is aimed at examining the end-effector’s capability to support the self-relocation and
payload handling of the manipulator in a simulated space environment. As shown in Fig. 25, the
testing was performed on an air-bearing testbed. The platform can only simulate planar motion. In the
plane, the motion is linear. In general, the operation of the manipulator has six DOFs and is nonlinear.
With a “section” method, the six DOF motion can be resolved into many planar motions. The testing
on the table simulates a serial of planar motions and their composition is the on-orbit operation of the
manipulator.

As shown in Fig. 25, the end-effector is attached to each end of the symmetrical manipulator which
is supported by three air-bearing brackets. One end-effector is attached to one of the grapple fixtures
mounted on the truss base, which acts as the shoulder base of the manipulator for operation support.
The end-effector of the wrist unit is used for capture. A payload is supported by an air-bearing
bracket, its grapple fixture acts as a capture-point or basepoint. After the payload is located at a given
position, it is static and maintains the state. The manipulator positions the end-effector by the lead
of its hand-eye camera. As the grapple fixture is within the capture capability of the end-effector, the
manipulator stops and switches to the compliance control mode. The control system sends a capture
command and the end-effector starts and is driven by PWM. The capture fingers perform the whole
capture operation. In a capture and release loop, the position tracking results of the nut are shown in
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Fig. 25. Air bearing capture testing system.

Fig. 26. Its real trajectory corresponds to line 6 in Fig. 19. The tracking trajectory is subdivided into
six segments and analyzed as follows.

(1) Capture operation
At the beginning, the expected position of the nut and its real position are coincidental. Once
receiving a capture command, the nut starts at the maximum position of 165.374 mm. During the
capture operation, the real position tracks the expected position. The tracking error changes from
0 to —2 mm. The PWM is —600. At the end of the capture operation, the real position stops at
the position of 18.31 mm. It shows that the latching has been performed.

(2) Secure latching
With the mechanism constraint, the real position stops. But the expected position continues to
change and the program commands the real position to continually track. The purpose is to
secure the latching and eliminate the mechanical interference in the mechanism. The tracking
error changes from —2 mm to —3 mm accordingly. At the outset of the change, the error curve
has a spike, which shows that the position of the nut rebounds a little and then is caused to
continually track the expected position. The PWM is —600.

(3) Power-off
The end-effector is powered off and the latching state is maintained. The real position still stops
at 18.31 mm and the expected position stops at 15.198 mm. The tracking error retains —3 mm.
The PWM is 0.

(4) Power-on
The end-effector is powered on, and the real position decreases a little and stops at 17.652 mm. In
the control, the real position is the expected position. It has a light oscillation and is soon steady.
The tracking error changes from —3 mm to 0 mm and stays at 0 mm. The PWM is 0.

(5) Position servo control
The end-effector is under the position servo control. The expected position stops at 17.601 mm.
The real position oscillates slightly because of the sensor noise. The corresponding tracking error
also oscillates and is still 0 mm. The PWM is 0.

(6) Release operation
As the release starts, the expected position and the real position change simultaneously from
17.601 mm. The expected position is ahead of the real position. The tracking error changes from
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Fig. 26. Nut position tracking result and PWM. (a) Tacking trace. (b) Tracking error. (c) PWM.

0 to 2 mm. The PWM is 600. At the end of the release, the expected position stops at 165.371
mm, and the real position stops at 165.204 mm. The purpose is to make the nut reach the final
position. The tracking error changes from 2 mm to 0.167 mm. The PWM is 0.

The results demonstrate that the position servo control for the end-effector can secure the capture,
dragging, latching and release. The testing also demonstrates that the end-effector of the manipulator
under the zero force control mode can softly capture the grapple fixture which is attached to the
payload or as a basepoint.

6. Conclusions

An end-effector was developed. Its characteristics and suitability were analyzed and validated by a
series of simulations and experiments. The simulation results show that the misalignment envelope of
the end-effector meets the requirements of the free floating target capture. The comparisons between
the simulation and testing demonstrate that it enlarges greatly when the grapple fixture (target) is
constrained or fixed. The simulation and the testing illustrate the capture failure from two points
of view. They also demonstrate that the analytic criterions and methods are very effective for the
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end-effector, and the capture operation must perform in the safe capture space. For OOS, the soft
docking and soft capture are of vital importance. They are realized by the spring-damper systems
built into the end-effector and by the compliance motion of the manipulator, respectively. Being
attached to two ends, the end-effector can support the self-relocation and payload handling of the
manipulator. During the self-relocation capture and payload capture, the manipulator is in the close
link state so that the capture operation velocity should be slow. An axial separate velocity between
the end-effector and grapple fixture is required and comes with the release velocity of the capture
fingers. The testing shows that the end-effector satisfies the requirements and it can work well in a
simulated space environment.
Further work focuses on the refined testing, contact dynamics modeling and managing.
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Appendix: definitions of the parameters
a, b, c, d, e—Lengths of the line segments FI, IQ, ON, AW and IW, respectively

d;—Distance between the w-axis and the hemline of the interface plate

d,—Distance between the z-axis and the limiting position of the point B
dgg—Distance between the grapple fixture and the end-effector

drc—Distance between the capture fingers the grapple fixture

dgL—Distance between the linking hooks the grapple fixture

hs—Height of the capture feature space

ht—Thickness of the interface plate

Ly, Lpg, Lpg, Lpj—Lengths of the line segments MB, DE, BE and DJ, respectively

Lyg,r, rc, rp(= xp)—Radiuses of the point B, the latching roller, the semi-circle trough of the
linking hook and the capture finger tip point F, respectively

L, [—Lengths of the wedge surface and the hemline of the interface plate
n—Distance between the point N and the z-axis

R, R,—Internal and external radius of the capture feature space, respectively
Rg—Radius of the end-effector

Sy—Displacement of the point N

Sks, ®—Sliding displacement and angular displacement of the capture finger during capture phase
S(y), S~!(s)—Transfer function and its inverse function of the mechanism
8—Angle of the interface plate slop

a—Angle between the lines MB and BE, « is the initial value

ap—Pressure angle of the linkage mechanism

Bo—Angle between the lines BE and JB, fy is a constant

y—Angle between the line BE and the x-axis, yy is the initial value
®—Angle between the line NH and the z-axis

x—Angle between the line NJ and the z-axis

0 —Angle between the lines DJ and BE

0 r—Angle between the lines JT and JK

B—Angle between the radius OgA and the plane Og F11;

e—Angle between the radius OgA; and the radius Og D,
Ymin—Minimum driving angle of the linkage mechanism
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Ay—Angular displacement of the latching finger
mc—NMass of the capture finger

w1, up—Friction coefficient between the capture finger and the guide pin, the latching roller and the
grapple fixture, respectively

Jrj—Moment of inertia of the latching mechanism about the axis of the guide pin

Fyn, Fg, Ny, f;, Ns, fy, Np—Forces acting on the capture finger

Ny, Frr, Ny, fjr—Forces acting on the latching mechanism

VcF, VaF, Vgg— Yelocity of the capture finger, the grapple fixture and the end-effector, respectively

vr,—Projection of the velocity of the point 7 of tangency on the y-axis
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