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In this paper, we present a deployment mechanism that is applicable to a deployable optical structure where the focus is on satellite
miniaturization. It is designed with a passive deployment mechanism that utilizes a spring hinge. In order to confirm the feasibility
of the designed deployable mechanism, we theoretically analyze the alignment errors (de-space, tilt, and de-center) that influence the
optical performance of the structure. The theoretical results are as follows: a de-space of 180.0 um, a tilt of 1941.3 wrad, and a de-
center of 45.3 pm. In addition, we measure alignment errors to evaluate the actual alignment errors for a manufactured deployable
mechanism. The experimental results are as follows: a de-space of 180.2 um, a tilt of 218.8 wrad, and a de-center of 617.5 pm.
Finally, we investigate the factors causing the differences between the theoretical and experimental values, and we suggest a method
for improving the alignment errors.
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NOMENCLATURE N
cl,(l) = error vector by degree of tightening of screw of I-th

L =length of panel case

h = height of deployment mechanism - . .
& ploy ¢l = error vector in a,b,c,d that are considered an error of all

kinds

X =x component of global coordinate

r = magnitude of joint clearance
sh = magnitude of hole margin for the screw assembly

sr = tightened degree of screw

6 = rotation between global coordinate system and local Y =y component of global coordinate

coordinate system Z =z component of global coordinate

N x =x component of local coordinate

cl; = error vector due to joint clearance =y component of local coordinate

— = i
cly, = maximum error vector when fastening spring hinge and z =z component of local coordinate
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1. Introduction

Since the 1990s, under the slogan “Faster, Better, Cheaper, Smaller,”
research efforts on satellite miniaturization have been actively conducted
with the purpose of cost reduction.' In a conventional satellite, the
optical structure requires a lot of space through which light passes
because it needs the focal distance to obtain an image. In the case of
GeoEye-1, launched in 2008, the height of the optical structure occupies
two thirds of the total height of the satellite.> In order to miniaturize a
satellite, it is essential to decrease the volume required by the optical
structure. Therefore, optical structures employing various deployable
mechanisms are currently being researched in order to decrease the
volume of the optical structure. A typical example is NASA’s Nuclear
Spectroscopic Telescope Array (NuSTAR). In particular, NuSTAR was
able to successfully secure about a 10-m focal distance via its Able
Deployable Articulated Mast (ADAM) with an X-ray based telescope.
Thus far, NuSTAR is the only deployable optical structure that utilizes
a mast to have been developed. Its expandability and versatility are
excellent due to its modular mast.® In addition, three other programs -
the Beijing University of Aeronautics and Astronautics Satellite (BUAA-
Sat),* Dobson Space Telescope (DST)’ of the Technical University of
Berlin, and Pico-satellite for Remote-sensing and Innovative Space
Missions (PRISM) of the University of Tokyo - have reported on
applying a deployable mechanism to the optical structure of their
satellites.* NuSTAR and BuAA-Sat both achieved high deployment
ratios with complex structures. On the contrary, DST has a simple
structure with a low deployment ratio. Although PRISM, with its high
deployment ratio, was successfully launched and loaded on an aimed
orbit, it showed a very coarse ground resolution of 30 m due to the
instability of the structure.

In the proposed mechanism, we consider three key design points -
the simple structure, a high deployment ratio (~4), and deployment
without any additional actuators. In addition, we set up the requirement
of the alignment specifications between primary and secondary mirrors
that are able to supply a 1-m ground resolution. Then, a deployable
mechanism to satisfy the above requirements is designed for an optical
structure. Based on the concept design, we theoretically investigate
alignment errors that might be generated from assembly errors
originating from joint clearance and component fabrication. Finally, the
alignment errors are measured after fabricating the deployable structure.
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Fig. 2 Definition of tilt, de-center and de-space for mirrors®’

2. Working Principles and Alignment Analysis

2.1 Alignment specifications

The deployment mechanism generally works based on the relative
motion of the mechanism components. Thus, appropriate joint
clearance should exist for the relative motion. This joint clearance
results in the nonlinear behavior of components, as presented in Fig. 1.
Alignment errors between the primary and secondary mirrors before
and after deployment result from nonlinear behaviors and machining
tolerances. The alignment errors are classified into tilt, de-center, and
de-space in Fig. 2. Tilt is the degree to which the secondary mirror
leans against the reference axis. De-center is the distance between the
ideal and actual secondary mirror’s central axis. De-space is the
distance difference between the primary and secondary mirrors. The
mechanism is designed to have a 1-m ground resolution when it is
applied to the deployable optical structure. To set up the specifications
of the mechanism alignment, we referred to the tilt, de-center, and de-
space requisites of the multifunctional satellite,-KOMOSAT-3, which
supplies a 1-m ground resolution with a fixed-type optical structure.’
The required alignment specifications are shown in Table 1. The primary

purpose of developing a deployable optical structure is to save inner
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Table 1 Required alignment specifications

Classification Optical alignment error
De-space 10 pm
De-center 10 pm
Tilt 100 prad
1 $
Ly 1

Fig. 3 Proposed deploying mechanism

space within the nose fairing by loading a deployable optical structure
in a stowed state when the satellite is launched.

Hence, the deployment ratio of the structure, the difference between
the stowed height and deployed height, is an important parameter.
Referring to the deployment ratio of DST from the Technical University
of Berlin, we determined the size and deployment ratio needed to
achieve the design requirements necessary for 1-m ground resolution -
a stowed height of 67 mm, a deployed height of 263 mm, and a
deployment ratio of 3.93. The prototype was manufactured at a 1/3

scale for a feasibility test.

2.2 Working principles

As shown in Fig. 3, the proposed mechanism consists of eight
linkages, eight joints, four spring hinges, and two panels, on which the
primary and secondary mirrors will be installed. Until the launching
vehicle reaches the target orbit, the proposed mechanism will remain in
a stowed state. Once it arrives, the proposed mechanism will be
deployed by the passive mechanism activated by the restoring force of
the spring hinge without any additional actuator. Overall, the mechanism
is designed to be comprised of simple structures so as to minimize the

volume of the optical structure.

2.3 Theoretical alignment errors analysis

Alignment errors significantly influence the optical performance of
the optical structure. Therefore, the alignment errors need to be
analyzed theoretically before manufacturing the proposed mechanism.
In order to analyze the alignment errors (de-center, de-space and tilt) of
the proposed mechanism, it is necessary to investigate the position for
each joint of each supporting modules.'® Then, we can obtain the real
position of the upper plate joint by adding its ideal position, which is
set up in the design stage, to the cumulated position errors from the
lower panel joint to the upper panel joint in one supporting module.
The causes of position errors can be classified into errors due to joint
clearance, errors due to the hole margin for the screw assembly, and
errors due to the screw tightening degree. Errors due to joint clearance
can be changed according to the rotation of the joint in the link since

connected components by the joint have fabrication tolerance. Errors

Fig. 4 Error type and error location in one supporting module of the
deployment mechanism''

Table 2 Type and place of error occurrence

Part number Description
1 Error due to joint clearance
2 Linkage
3 Spring hinge
4 Error due to hole margin for the screw assembly
5 Error due to screw tightening degree
6 Torsional spring
7 Error due to screw tightening degree
8 Error due to hole margin for the screw assembly
9 Spring hinge
10 Linkage

—
—

Error due to joint clearance

due to the hole margin for the screw assembly during deployment are
generated within the range of the gap between the hole in the spring
hinge and screw. Finally, errors due to the screw tightening degree are
determined according to changes in the tightening condition of the
screw after deployment.

The positions and types of the aforementioned potential three errors
are presented in Fig. 4 and described in Table 2. Based on the
classification in Fig. 4, the position error in each assembled component
is independently calculated, and finally, the cumulated position errors
from the lower panel joint to the upper panel joint in one supporting
module is obtained by adding the errors in sequence.

Fig. 5 shows the local and global coordinate systems that are used
to analyze the theoretical alignment errors. Additionally, Fig. 6 shows
the configuration of the position vector, which is used in the theoretical
alignment error analysis.

The z-axis direction of the local coordinate system at the center of
the joint hole is equal to the z-axis direction of the global coordinate
system, and the y-axis direction is equal to the rotation axis direction
of the joint hole. The origin of the global coordinate and the origin of
the local coordinate are positioned at the center of the lower panel and
the center of the joint hole, respectively.
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Fig. 5 Coordinate systems on the mechanism

< Global Coordinates >

Fig. 6 Position vector used in analysis

For the theoretical analysis of the alignment error, we assumed the
following:

- When deployment is completed, the linkage is upright at 90°

- Joint clearance occurs toward the x- and z-axis of the local

coordinate system.

- Errors due to the hole margin for the screw assembly used to

install the spring hinge occur toward the z-axis.

- Errors due to the screw tightening degree of a screw for the spring

hinge occur toward the x-axis.

- The stiffness of the spring does not change.

- The machined parts are rigid.

In the event that the maximum joint clearance resulting from
machining tolerance is r, the two linkages connected by a pin in the
joint have an error of up to 2r, as shown in Fig. 7. Accordingly, the size
of the error vector generated at each joint is 2r. Therefore, the position
error vectors of a joint clearance based on the local coordinate system
can be presented as follows:

— —
cly =[+2r,0,0] ¢l =[-27,0,0]
N - 1
cl;3=[0,0,+2r]  cl;y=10,0,-2r]

When the spring hinge is combined with the linkage, the center of
the spring hinge hole may not match exactly with the center of the
screw. It corresponds to assembly errors that occurred during parts
assembly. Accordingly, the error due to the hole margin for the screw
assembly occurs toward the z-axis direction, as shown in Fig. 8. The
maximum size of the error in the screw assembly (s/) can be [0, 0, +s/]
or [0, 0, -sh]. After two errors are extracted by a duplicate combination,
superposing them, we can obtain the error vector relative to the local

< Local Coordinates >

$ \

0 +2r 4r

Fig. 7 Possible clearance due to the z-axis direction of the joint

clearance'?

-25h

x

< Local Coordinates >

0 +2sh —2sh

Fig. 8 Error due to the hole margin for the screw assembly

X

< Local Coordinates >

Fig. 9 Error due to the screw tightening degree

coordinate system as follows:
— — —>
cly,=10,0,+2sh] cl,;;,=[0,0,0] cl,5=[0,0,-2sh] (2)
When we assemble the spring hinge and linkage using the screw, a
screw can be excessively tightened (-sr) or under-tightened (+s7)
compared to a designed position. Based on Fig. 9, the position error
vectors for the local coordinate system can be presented as follows:

— — —
clg,, =[+sr,0,0] ¢l,,=1[0,0,0] cl,3=[-sr,0,0] 3)

One supporting module consists of a lower panel joint hole and
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linkage, a linkage and spring hinge, a spring hinge and a screw, a screw
and a linkage, and a linkage and an upper panel joint hole. In one
supporting module, hence, positi(E error vectors generate at the joint
holes of the upper/lower panels (c/; (i) / _clj () aﬂ at the spring hinge
holes for the screw assembly (CI% (k) / ¢l (), respectively.
Consequently, the total error vector (c/), which occurs in one

supporting module, can be formulated as follows:
R T T —
cl = cli()+cl() +elg (k) +el, () “4)

The numbers of error vector cases with respect to the upper panel
joint clearance, the lower panel joint clearance, the hole margin for the
screw assembly, and the screw tightening degree are 4, 4, 3, and 3,
re_s)pectively. As a result, the number of cases in terms of error vectors
(cl) is 144 from the calculated results of the aforementioned factors.

Since the degree of alignmeglt is defined on the basis of the global
coordinate, the error vector (c/) relative to the local coordinate is
converted to the vector (cly,,, ) relative to the global coordinate as
follows:

cos@ —sinf 0|_
CIglobal: sin@ cos® 0|c! ®)
0 0 1

Ideal position vectors (@y,y > Pigeat » Cidew a0 digoyy ) from the origin
of the global coordinate to each joint of the upper panel are presented
as follows:

—
bigea =[TL/I2 +L/2 h]

—
Gy =[+LI2 —L12 h]

—) — ©
Cidea =[=L12  +L/2 h]  digey=1[-L/2

i

-L/2 h]

The actual position vector from the origin of the global coordinate
to each joint of the upper panel is obtained by adding the ideal position
vector to the error vector, as shown in Fig. 10.

—_— — — — —
Areal = a[deal+CIglobal breal = b[deal+CIglobal
_ — — — — ™
Creal = Cideal+Clglolml dreal = dideal +Clglolml

However, some cases of calculated position vector cases do not
satisfy the assumption of a rigid body for upper panel. Based on Egs.
8 and 9 below, those values were excluded in the calculation process
for the alignment error.

The upper panel has four joints to connect with each supporting
mﬁodul;as. Thus, the distance between the two actual position vectors
(a;, by,
even though the upper panel is assumed to be a rigid body.

¢, and d;) will be changed within the joint clearance range

A e

®)
lev-dl<z+ e i

<L+.2r

If we have position vectors for three points, a plane in three-
dimensional space can be obtained. In other words, one position vector
is dependently determined by three position vectors for a rigid
rectangular panel. As a result, the sumniation of the diagonally
positioned vectors (a; and c;, b, and d;) should be the same.
However, the upper panel has four joints, which each have clearance (7)

c‘y!obui

B
e\l
|[ If

< Global Coordinates > < Global Coordinates >

Fig. 10 Real position vector of a joint with the ideal position vector

Table 3 Theoretical alignment

Tolerance (#um)  De-space (um)
40 180.0

Tilt (zrad) De-center ()
1941.3 453

in the z-axis direction. Therefore, the difference between summations

of the diagonally positioned vectors cannot be over 2r.

|az+cz_bz_dz

<2r ©)

To calculate the tilt degree, a%mathergitic plane is created for the
upper panel and derived vectors, v, and v,, on a plane to calculate the
normal vector to the mathgmatic plime. A normal vector is obtained
from the cross product of v, and v,. Consequently, the tilt degree is
obtained by utilizing the vertical direction unit vector, [0, 0, 1], and the

. >
normalized vector, 7.

= T T
vi=a=b, v;=b—c (10)
- -
>_ VXV
R (1n
“le"z“
Tilt = cos™'(#-0,0,1]) (12)

De-center and de-space are obtained by manipulating the position
R Y -

vectors of a;, b;, ¢, and d;.
De-center = (a"*‘+bfx+ckx+dlx)2+(aiJf+b/'y+cky+dly)2 (13)
4 4
aiz+b/'z+ckz+dlz
De-space = (—4 ) (14)

Conclusively, the maximum value of the degree of alignment
obtained through the aforementioned process is presented in Table 3.

2.4 Experimental results of alignment errors

After manufacturing the deployable structure using conventional
CNC machining, we measured the degree of alignment employing the
6-axis touch probing based CIMCORE ® ARM (Portable Measuring
Arm), which has a resolution of 30 z#m, as shown in Fig. 11. This is a
contact type measurement device that is capable of measuring
displacements in the global coordinate.

The measuring points on the lower panel (A;, B;, C,) and upper
panel (A,, B,, C,) were fabricated 90mm to the radial direction from

the center of each panel with an interval angle of 120 degrees, as shown
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Fig. 11 Measurement probe (a) and scenes (b)~(d)

C;
B, Az
Ay

Fig. 12 The upper/lower panel measurement points

Ye

<Top View>
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Fig. 13 Calculating de-center and de-space

in Fig. 12. We measured the displacements of the measuring points of
the upper and lower panels repeatedly before and after deployment.
Then, we produced two panels by using the averaged value of three
times the measured displacements of the measuring points of the lower
panel and the upper panel, respectively, and derived two circle equations
that pass three points on each panel. Based on each center (x., y, z.) of
the two obtained circles in Fig. 13, de-center and de-space were
calculated.

De-center = xi + yz, De-space =z, (15)

For the tilt calculation, the two panels are defined, as shown in Fig.

14, as the ideal and real upper panels. Then, the tilted angles are

calculated as follows: "

Real upper Panel

Ideal upper Panel

- Lower Panel

Fig. 14 Schematic diagram for the calculation of tilt

Table 4 Experimental results for the alignment error

Alignment ]
Result De-space (xm) Tilt (urad) De-center (zam)
Average 180.2 218.8 617.5
&, = si 71( Zp 3. = si 71( Zy 16
1= sin BZC)’ )= sin CzAz) (16)

We set the direction of ZD) as the x-axis of the global coordinate
system. Therefore, the connection line between the measuring points on
the upper panel can be calculated. Then, we can obtain the tilted angle
of the top panel.

—

C,B, =|C,B,|(cosD,,0, sind)

—>

CyA, =|C,A,|(cosD,cosp, sin sing, sinD,)

— —
CyA,- CyB, =|CyA,||CyBy|(cos D, cosB,cosp+ sind sind,)

o —l(cosﬁ—singlsingz) 17
S.Q = cos w0 cos D,
2 2
(where cos0=|C2A2| +|CyBy| _|A232|2j
’ 264G,
C,A,xC,B
24, X LoDy . -1

A= ———==, Tilt=cos (7-[0,0,1]) (18)

“CzAzxcsz

Finally, the experimental results on the alignment error are
presented in Table 4.

The difference between the experimental and the theoretical
analysis results stem from the gravity effect and measurement method.
In the theoretical analysis, we assume the mechanism is not under
gravity, as in space. On the contrary, the experiment is carried out under
gravity. For de-space, the experimental and the theoretical analysis
results are very similar since the gravity in the experimental environment
plays a role in preloading to the z-axis direction and causes the worst
position of each joint’s clearance to approximate the worst position in
the theoretical analysis. The experimental results regarding tilt were
much better than the theoretical results because the gravity pushed
down all joints in the four supporting modules to the worst positions,
resulting in the minor slope of the upper panel. For de-center, the
experimental results were much higher than the theoretical results since
we utilized a touch probing based measurement device (CIMCORE ®
ARM) and caused the instability of the upper panel at the moment of
contact.
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3. Conclusions

In this paper, we designed a simple deployable mechanism for the
optical structure of a small satellite. The deployable mechanism
employed a passive driving mechanism powered by the restoring force
of the spring hinge. In order to confirm the feasibility of the concept
design, alignment errors were theoretically analyzed. Based on the
theoretical results (a de-space of 180.0 um, a tilt of 1941.3 urad, and a
de-center of 45.3 um), the proposed mechanism was constructed. Then,
the degree of alignment was measured employing the 6-axis touch
probing based measurement device. As a result, the alignment errors
were confirmed (a de-space of 180.2 zm, a tilt of 218.8 grad, and a de-
center of 617.5 pm). Comparing to the required alignment specifications,
except for de-space, alignment errors were relatively high with respect
to realizing a 1-m ground resolution. In order to satisfy the target

alignment, therefore, the following additional research will be carried

out
- A customized displacement sensing system will be constructed to
reduce the de-center error since the main de-center error
originates from the movement of the upper panel due to the
touching process during probing.
- A deployment test will be carried out in microgravity conditions
mimicking a space environment.
- A parts fabrication manual and assembly manual will be provided
to reduce the machining tolerance.
- A mechanism will be studied to reduce clearance at each joint.
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