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Abstract This paper presents a novel hexapod as the adjustment mechanism for a telescope to actively

align its secondary mirror. The special hexapod provides six degrees of freedom (6-DOFs) with de-

coupled translation and rotation. The decoupled kinematic motions are analyzed and commented on as

the alignment mechanism of a secondary mirror from an optical alignment point of view. In terms of

performance of the adjustment generally required by the secondary mirror in a telescope, we developed

a prototype that uses a novel hexapod design with linear micro-displacement actuators. Especially, in

order to achieve high precision, flexures were used to build joints for the hexapod to minimize frictions

and eliminate backlashes. Based on the specific configuration and dimension of the prototype hexapod,

an analytical model of the reachable workspace was built with the constraints defined by limited rotation

angles of the flexure-based joints. We used a laser tracker to verify that the hexapod can reach a spherical

translation workspace of φ6 mm and a rotation workspace of ±1◦. The translational repeatability was

tested to be around half a µm by laser displacement sensors. In addition, we also measured the axial

and lateral stiffnesses of the hexapod to be around 5500 N mm−1 and 1750 N mm−1, respectively. The

kinematic analyses and convincing test results jointly encourage implementing the novel hexapod de-

sign with decoupled translation and rotation as a favorable alignment mechanism for secondary mirrors

in astronomical telescopes.
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1 INTRODUCTION

An astronomical telescope in operation must maintain

stringent alignment of its secondary mirror with respect

to its primary mirror in real-time. However, it is in-

evitable for a telescope to suffer from misalignment of

its secondary mirror due to gravity and environmental

impacts (Cheng 2009). As illustrated in Figure 1, most

telescopes use high-precision mechanisms to actively ad-

just their secondary mirrors to be accurately aligned with

respect to their primary mirrors in five degrees of free-

dom (DOF): X, Y, Z, Rx and Ry, except the spin, Rz,

about the telescope’s sight axis, thanks to symmetric op-

tical systems used by most telescopes. In practice, from

an optical point of view, these motions of a mirror in

a telescope are defined as technical terms: translations

in X and Y as decenterings, translation in Z as pis-

ton, Rx and Ry as tip/tilt, and Rz as spin or azimuth.

Generally, such precise motions must be controlled con-

currently and continuously in multiple DOFs though they

are normally slow in a quasi-static mode.

In both radio and optical telescopes, precision

hexapods and derivative 6-DOF parallel manipulators are

the most preferable candidates to correct misalignments

in sub-reflectors or secondary mirrors, though as men-

tioned, the DOF of spin does not need to be adjusted.

The 65-m Tianma Radio Telescope in Shanghai uses an

active primary surface and a classic Stewart-Gough hexa-

pod for its sub-reflector (Hou et al. 2013). There is also
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Fig. 1 Typical optical layout of an astronomical telescope.

a hexapod accommodated as the second-level stabilizer

in the feed cabin of the 500-m Aperture Spherical ra-

dio Telescope (FAST) (Nan 2006). In 2006, when the

Effelsberg Radio Telescope was upgraded with an ac-

tive sub-reflector system, a modified hexapod was im-

plemented for the sub-reflector to fulfill rigid body po-

sition and orientation (Pietzner & Nothnagel 2010). A

typical application of hexapods used as precision align-

ment devices for secondary mirrors in optical telescopes

is the four 1.8-m Auxiliary Telescopes (ATs) for the

Very Large Telescope Interferometer (VLTI). As shown

in Figures 2 and 3, the hexapod is also an adapted 6-

DOF parallel manipulator built with six parallel linear

actuators stacked in a bundle, each of which drives an

inclined link with flexure joints to support the mirror

unit. The travel ranges required for the hexapods of the

VLTI ATs are ±1.5 mm for translation and ±300′′ for

rotation with corresponding resolutions less than 1 µm

and less than 5 arcsec (Zago et al. 2012). The proposed

Chinese 5 m Dome A Terahertz Explorer (DATE5) by

Purple Mountain Observatory (PMO) would also em-

ploy a hexapod to serve in sub-reflector alignment in the

harsh cold of Antarctica (Yang et al. 2013). The hexa-

pod would be estimated to be capable of an accuracy of

around 10 µm with a load capacity of more than 10 kg

throughout a linear range of up to 10 mm.

In this study, we present a hexapod for the secondary

mirror alignment in terahertz and even optical telescopes

(Yang et al. 2016). As a parallel manipulator with a

novel configuration, the special hexapod offers decou-

pling of kinematics in translation and rotation. In general,

a decoupled parallel manipulator offers advantages from

the control point of view, thanks to its relatively sim-

ple kinematics and decoupled motion (Yime et al. 2011).

Specifically, the proposed hexapod is configured with six

linear actuators/legs, three of which form a tripod with

the top vertex connected to the center of the upper plat-

form to control the position of the three translations for

the platform. The other three legs are arranged in parallel

around the central tripod to control the orientation of the

three rotations for the platform.

The difficulty in building a precision hexapod capa-

ble of aligning a secondary mirror in a telescope mostly

lies in the design of a precise actuator and construction

of ideal joints without backlash. We setup a prototype of

the special hexapod with precision linear actuators and

with all flexure-based joints. Comprehensive tests and

measurements were subsequently carried out for the pro-

totype hexapod with a 3D laser tracker and two laser

displacement sensors. The following sections review re-

search on kinematic analyses and tests of the novel hexa-

pod prototype as a proposed alignment system for the

secondary mirror in astronomical telescopes.

The configuration of the novel hexapod is described

in the context of mechanics in Section 2. It is fol-

lowed immediately by kinematic analyses and theoreti-

cal simulations presented in Section 3. In Section 4, we

review fundamental alignment requirements for a sec-

ondary mirror in a telescope and discuss a realization of

the new hexapod that can be used as an alignment mech-
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Fig. 2 The hexapod and the secondary mirror of the 1.8 m AT of

VLTI.

Fig. 3 The hexapod is an adaptation with six linear actuators

stacked parallel in a bundle.

Fig. 4 Schematic diagram of the hexapod.

anism for the secondary mirror. Section 5 reviews the de-

velopment of the prototype for the hexapod, including

comments on the involved precision linear actuator and

special consideration of the flexure-based joints. Section

6 covers tests of the hexapod prototype, including ver-

ification of workspaces/the travel ranges of translation

and rotation, test of positioning repeatability, and mea-

surements of both axial stiffness and lateral stiffness. The

summary and comments are finalized in Section 7.

2 DESCRIPTION OF THE NOVEL HEXAPOD

SYSTEM

The schematic diagram of the proposed hexapod is il-

lustrated in Figure 4. The hexapod is configured with six

linear actuators/legs which are equivalent to six prismatic

joints denoted as P . Three inner legs numbered with 4,

5 and 6 form a tripod with the top vertex connected to

the center of the upper mobile platform, m, by a com-

pound Hooke’s joint, Q, where three compound Hooke’s

joints, integrated together, share a common center of ro-

tation. The bottom of the tripod is symbolized by the

three spherical joints, S, anchored in an equilateral trian-

gle, which connect the lower ends of the three legs onto

the hexapod base, B. The other three outer legs, num-

bered with 1, 2 and 3, are arranged in parallel with a cir-

cumferentially even span angle of 120◦. Note that they

are deliberately laid inclined to avoid singularity. The

outer legs are installed in between the base and the upper

platform by spherical joints on the two ends. Thereby,

the inner legs define the 3D position, corresponding to

the three translational DOFs of the upper platform, while

the outer legs control the 3D orientation, corresponding
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to the three rotational DOFs of the platform about the

top vertex Q of the central tripod. Thus, the new special

hexapod decouples DOFs in translation and rotation.

We can use the following Grübler’s formula to check

if the hexapod can define six DOFs.

F = 6(n − g − 1) +

g
∑

j=1

fj , (1)

where F is the calculated DOF of the upper mobile plat-

form of the hexapod, n is the number of components in

the system, g is the number of joints and fj is the al-

lowed DOF of the j-th joint. In the configuration shown

in Figure 4, we set n to be 14 and g to be 18. An actu-

ator/prismatic joint provides one DOF, while a spherical

joint provides three DOFs and a Hooke’s joint two. Thus,

we have

F = 6 × (14 − 18 − 1) + 36 = 6, (2)

which proves that the hexapod provides six DOFs with

the local spins of the legs omitted.

Regarding the coordinate system definitions shown

in Figure 4, the base coordinate system, OXY Z , as the

reference frame, is attached on the base with its origin,

O, anchored on the center of the base. The mobile coor-

dinate system, oxyz, as the mobile frame, is defined in

parallel with the reference frame, OXY Z , but attached

on the upper platform with its origin, o, anchored on the

center of the platform. Referring to Figure 4 together

with Figure 1, the decoupling of six DOFs thus means

the three translations, decenterings and piston, are inde-

pendent of the three rotations, tip/tilt and spin, of a sec-

ondary mirror if the optics are aligned by the proposed

hexapod.

3 KINEMATIC ANALYSIS OF THE HEXAPOD –

VERIFICATION OF MOTION DECOUPLING

For the kinematic analysis, we define the following

symbols concerning the coordinate systems shown in

Figures 1 and 4.

P m,i - coordinate of the spherical joint, Pi, on the

mobile platform, m, in the mobile frame, oxyz, while

P B,i denotes the coordinate of Pi in the base frame,

OXY Z , where, the subscript i denotes the numbering

1, 2 and 3 of the joints, which is the same hereinafter.

Qm - coordinate of the compound Hooke’s joint, Q,

coincident with the center, o, of the mobile platform, m,

in the mobile frame, oxyz, while QB denotes the coor-

dinate of Q in the base frame, OXY Z .

AB,i and BB,i - respective coordinates of the spher-

ical joints, Ai and Bi, on the base, B, in base frame,

OXY Z .

LA,i - vector
−−→
AiPi, the vectors of the inner

legs/actuators in the base frame, B.

LB,i - vector
−−→
BiQ, the vectors of the outer

legs/actuators in the base frame, B.

P m,i, Qm, AB,i and BB,i are given by the hexapod

geometry, in particular Qm is (0, 0, 0) at the origin, o, of

the mobile frame, oxyz.

According to the transformation between the mobile

frame and the base frame, we have the following rela-

tionship,

P B,i = RP m,i + QB, (3)

where R is the 3 × 3 rotation matrix,

R =







cβcγ sαsβcγ − cαsγ cαcβcγ + sαsγ

cβsγ sαsβsγ + cαcγ cαsβsγ − sαcγ

−sβ sαcβ cαcβ






.(4)

Here α, β and γ are the three Euler angles corresponding

to Rz, Ry and Rx defined in foregoing sections to deter-

mine the mobile platform’s orientation; c is short for cos

and s for sin, for concision.

It is easy to define the vectors,

LA,i = P B,i − AB,i, (5)

LB,i = QB − BB,i. (6)

Further, the lengths of the legs simply are,

lA,i =
∥

∥LA,i

∥

∥ =
√

(P B,i − AB,i)(P B,i − AB,i)T,(7)

lB,i =
∥

∥LB,i

∥

∥ =
√

(QB − BB,i)(QB − BB,i)T. (8)

The solution above describes the typical inverse

kinematics for a hexapod to find lengths/actuations of its

six legs from a given pose (position and orientation) of

its mobile platform.

Based on the specific dimensions of the hexapod pro-

totype to be elaborated on in Section 5, we commanded

the computational model of the hexapod to follow the

displacement curves shown in Figure 5, where zero trans-

lations and limited angular displacements/rotations were

input. In other words, the mobile platform was forced to

do pure bounded rotation in 3D space.

The results are shown in Figure 6, where we see only

the three outer legs vary their lengths, while the three in-

ner legs remain unchanged and stationary. A similar sim-

ulation was carried out with pure translations for the mo-

bile platform as well. The simulations confirmed that the
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Fig. 5 Zero translations commanded in the three axes of the mobile frame (left) and three limited rotations commanded about the

three axes of the mobile frame (right).

Fig. 6 Temporal changes in length of all legs.

hexapod is characterized by motion decoupling between

translation and rotation.

4 ALIGNMENT MECHANISMS FOR THE

SECONDARY MIRROR IN A TELESCOPE

4.1 General Alignment Requirement for a

Secondary Mirror

Take the distinctive hexapod used by the 1.8-m ATs of

the VLTI for instance (seen in Figs. 2 and 3), detailed re-

quirements of which are listed in Table 1. These are ex-

tremely stringent for a classic multiple-DOF mechanism

to fulfill. The specially designed hexapod with flexure

joints has been quite a successful solution (Zago et al.

2012).

The proposed DATE5 facility would also employ

some type of hexapod to align its sub-reflector in the

harsh Antarctic environment. The hexapod would be ca-

pable of translational accuracies of 10 µm and angular

accuracies of 20′ with a load capacity of no less than

10 kg throughout ranges up to 10 mm and 2′ respectively.

Apart from the stringent specification required, it is really

challenging to build a high-precision actuator for a candi-

date hexapod to work and survive at the low temperature

required for DATE5.

A huge classical Stewart-Gough type hexapod is in-

stalled in the 10-meter-diameter feed cabin of the FAST

facility. Serving as the second-level alignment mecha-

nism, the hexapod carries a bunch of bulky heavy feeds

to realize a spatial position accuracy of 10 mm (Yao et al.

2013).

4.2 Comments on Realization of an Alignment

Mechanism

Before industrial parallel manipulators were introduced

to the field of telescopes, most optical elements in a

telescope used piled-up multi-DOF mechanisms to align

their optical system. A piled-up configuration of multi-

DOF mechanisms uses six independent 1D stages, or

similar actuators, say, three translational stages and three

rotational ones to pile one by one up along the three
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Table 1 Nominal Performance of the VLTI AT Hexapods

No. Item Requirement Unit

1 Focus range ±1.5 mm

2 Focus resolution ≤1 µm

3 Focus accuracy ≤6 µm

4 Center (x, y) range ±0.7 mm

5 Center resolution ≤5 µm

6 Center accuracy ≤20 µm

7 Tip/tilt range ±300 arcsec

8 Tip/tilt resolution ±5 arcsec

9 Tip/tilt accuracy ±20 arcsec

pre-defined axes of the adjustment space. Normally, the

piled configuration of multi-DOF mechanisms is bulky

in space and weak in stiffness. As soon as engineers con-

centrating on telescopes started implementing these ad-

vantages, such as compact size, high-precision and sound

stiffness of a parallel manipulator, the hexapod was im-

mediately adopted as a typical archetype to construct

alignment mechanisms for mirrors, especially, for sec-

ondary mirrors or sub-reflectors in telescopes.

Nevertheless, high accuracy is the fundamental re-

quirement for an industrial hexapod to be implemented

to succeed in astronomical application as the alignment

mechanism of a secondary mirror. The German provider

Physik Instrumente (PI) customized a dedicated type

M-850KWAH hexapod for astronomy applications. Its

translation ranges are 10 × 10 × 16 mm3 (x-y-z) with

unidirectional repeatability as fine as 5 µm, which is still

marginal for use with a secondary mirror if compared to

the requirements listed in Table 1 for the ATs of VLTI.

The difficulty in building a precision hexapod capa-

ble of adjusting a secondary mirror in an astronomical

telescope mostly lies in the design of precise actuators

and construction of ideal joints without backlash. Static

stiffness is another important requirement for the sec-

ondary mirror/sub-reflector to resist tracking disturbance

and wind buffeting. Dynamical performance is however

not critical, and load capacity is also normally mild for a

hexapod that acts as a support and alignment mechanism

in most telescopes.

5 DEVELOPMENT OF THE PROTOTYPE OF

THE NOVEL HEXAPOD

We setup a prototype of the hexapod with precision lin-

ear actuators and all flexure-based joints. So far, there

are no specific applications for this prototype hexapod

in a telescope. We envisage, however, that our investi-

gation can be a test case for the alignment mechanism

for the secondary mirror of the 2-m solar telescope pro-

posed by Yunnan Observatories in China (Yang et al.

2016). Most of the associated technical requirements are

considered comparable to those of the 1.8-m VLTI ATs,

and additionally, load capacity is required to be at least

10 kg. This therefore drove the design of the prototype

with these requirements, for example, dimensions, travel

ranges and load capacity. As to specifications of accuracy

and repeatability, there are stringent goals which hope-

fully match those of the hexapods in VLTI ATs and the

PI product M-850KWAH. Achieving these goals will re-

quire considerable efforts, but our test results are encour-

aging.

By thoroughly understanding the difficulties in-

volved in building a high-precision hexapod for astro-

nomical application, we have to use reliable linear ac-

tuators and to develop backlash-less joints.

The outstanding performance of a previously devel-

oped linear actuator convinced us to integrate it into a

high-precision hexapod (Zhou et al. 2010). As displayed

in Figure 7, the actuator implements a stepper motor-

gearbox-screw-based design with an open-loop control,

whose dynamics are sufficient for the quasi-static appli-

cation in astronomical telescopes. Besides, the actuator

employs a folded design to shorten the longitudinal size.

Figure 8 shows the 8-mm full range test of the ac-

tuator, while Figure 9 depicts the performance of bi-

directional resolution, repeatability and backlash of the

linear actuator tested by a bi-frequency interferometer.

As can be seen, the displacement resolution is believed

to be as fine as 20 nm and the bi-directional repeatabil-

ity, around 10 nm, is considered to eliminate temperature

drifts, where it is of most importance to have negligible

backlash. It was also tested under a load of 25 kg in both

press and tension.

Regarding the joints, according to the proposed spe-

cial configuration of the hexapod, we need to construct

two kinds of joints, a spherical joint and a compound

Hooke’s joint. The compound Hooke’s joint is an inte-

gration of three Hooke’s joints installed together, sharing

a common center of rotation which is virtually coinci-

dent with the center of the upper surface of the mobile

platform. Referring to Figure 10, we used the the flexure-

based concept was applied in developing the joints for the

hexapod prototype. The flexure joint also inspired us to

conceive of utilizing the compound Hooke’s joint (Singer

General Prec Inc. 1970).
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Fig. 7 3D CAD model of the linear actuator with outer housing

removed.

Fig. 8 Full travel range test.

Fig. 9 Bi-directional test of resolution, repeatability and backlash. Fig. 10 3D CAD model of the flexure-based joint.

Fig. 11 3D CAD model of the hexapod prototype (left) and picture of the finished prototype (right).

Two aluminum disks were then used simply as the

base plate and the upper platform. Finally, we built an

open-loop prototype from the special hexapod concept

by connecting the two platform disks with the actuators

and the flexure-based joints. Figure 11 shows a compar-

ison of the 3D CAD model and the finished product of

the hexapod prototype. The approximate volume of the

prototype is φ300 × 260 mm3.
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Fig. 12 Translational workspace/travel range test by laser

tracker.

Fig. 13 Translational workspace tested for three circles in parallel with

XY , Y Z and ZX planes of the base frame.

Fig. 14 Setup of two-axis (X and Y ) displacement test by

two Keyence laser displacement sensors.

Fig. 15 Bi-direction translation test of nominal 0.5 mm.

6 TEST OF THE PROTOTYPE

We used a 3D laser tracker from Automated Precision

Inc. (API) and two laser displacement sensors from

Keyence Inc. to carry out comprehensive tests of the

hexapod prototype.

6.1 Test of the Hexapod’s Workspace - Travel Range

As shown in Figure 12, a T3 laser tracker from API

was used to measure the workspace of the prototype.

We carried out the following procedure to complete

the workspace test. First, three retro-reflectors were an-

chored at the three vertices of an equilateral triangle on

the upper mobile platform. Thus, the triangle defined

by the three retro-reflectors represents the top surface

of the mobile platform. Afterwards, we commanded the

laser tracker to autonomously scan/measure each retro-

reflector in sequence to retrieve their 3D positions rela-

tive to their initial/original positions, thereby the 6-DOF

displacements of the mobile platform are finally com-

puted by rigid body motion theory.

First, we simply consider the position of the mobile

platform center to be,

P Q = [xd, yd, zd]

= (MB,1 + MB,2 + MB,3)/3, (9)

where, as demonstrated in Figure 4, MB,i is the coor-

dinate of the measured retro-reflector in the base coordi-

nate system, B, and i is 1 through 3 (same hereinafter).

Further, we denote the coordinate of the measured retro-

reflector in the mobile coordinate system, m, with Mm,i,

which represents the positions of the retro-reflectors on

the mobile platform. Thus, we have the following trans-

formation between Mm,i and MB,i,

MB,i = RMm,i + P Q, (10)

where R is the 3×3 rotation matrix, whose original form

is described by Equation (2). The orientation, (α, β, γ),

of the mobile platform has to be found from the elements
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in R. Rewritten in the following form with column vec-

tors,

R = [u, v, w]. (11)

Thanks to the orthogonality of R, we have the following

relationship

w = u × v, (12)

whereby the orientation angles of the mobile platform are

computed as follows










β = A tan 2(−u3,
√

(u2

1
+ u2

2
)) ,

α = A tan 2(v3/cβ, w3/cβ) ,

γ = A tan 2(u1/cβ, u1/cβ) ,

(13)

where ui, vi and wi (i = 1, 2, 3) are elements in u, v and

w respectively. c denotes cos which is consistent with

the foregoing definition.

We commanded the mobile platform to follow three

circles of φ6 mm in parallel with the three respective or-

thogonal planes, XY , Y Z and ZX , of the base frame.

Figure 13 shows the discrete points measured. The cir-

cles are fitted to a sphere with radius of 3.037 mm. We

also commanded the mobile platform to tilt +/–1◦ about

the three respective axes of the base frame. Table 2 lists

the rotation angles measured by the laser tracker.

Table 2 Rotational Workspace/Angular Travel Ranges

Item Commanded angle Tested angle

About axis x ±1◦ +1.0046/–0.9963◦

About axis y ±1◦ +1.0062/–1.0052◦

About axis z ±1◦ +1.0055/–1.0083◦

The test of the workspace confirms that the prototype

of the special hexapod is able to access a 3D translational

travel range of up to φ6 mm and rotational angle range of

2◦ about each axis, which already satisfies the require-

ment for secondary mirror alignment very well for most

astronomical telescopes. The tests also indicate the com-

parable accuracy of the hexapod prototype.

6.2 Test of Repeatability

As seen in Figure 14, two laser displacement sensors

were used for possible simultaneous tests of the respec-

tive translations along X and Y directions, which refer

to the coordinate system defined in Figure 4. Note that a

10-kg weight was applied on the mobile platform during

the tests to verify the hexapod’s load capacity.

Figure 15 shows the bi-directional translation test

of nominally commanded ±0.5 mm, which implies the

hexapod prototype tends to exhibit excellent perfor-

mance in terms of linearity and repeatability. Meanwhile,

a stable absolute error of 15 µm persists, which is be-

lieved to be compensable by calibration. Another test

with much finer bi-directional motion of nominal ±5µm

was performed to check the repeatability of the hexapod.

Figure 16 demonstrates that the repeatability is

around 0.5 µm, which is quite good compared to what

is listed in Table 1 and corresponding values for the PI

product M-850KWAH.

6.3 Test of Stiffness

We tested respective stiffness along the Z (axial) and Y

(lateral) directions for the hexapod prototype by the clas-

sical force-displacement method. The test setup for lat-

eral stiffness along the Y axis is illustrated in Figure 17.

For the axial stiffness test, a similar setup like that shown

in Figure 14 was used. A number of loading-unloading

rounds was applied for the tests. The results are depicted

in Figures 18 and 19. The axial stiffness along Z is up

to 5500 N mm−1 and the lateral case is 1750 N mm−1,

which are comparably good for secondary mirror align-

ment in astronomical telescopes. The tests of stiffness

also checked the load capacity of the hexapod.

7 CONCLUSIONS

We presented a novel hexapod as the alignment mecha-

nism of the secondary mirror in astronomical telescopes.

The hexapod is characterized by decoupled translation

and rotation, which will offer simplified kinematic con-

trol when the hexapod is used as a secondary mirror

alignment mechanism. A high-precision prototype based

on the new hexapod configuration was built and related

tests were carried out. The test results not only demon-

strate that the prototype hexapod already achieves very

good performance with high precision, excellent repeata-

bility, sound stiffness and ample workspace, but also the

special consideration of implementing a hexapod design

was successful in the development of the hexapod pro-

totype. The prototyping and test of the special hexapod

confirm that the hexapod will hopefully be applied as a

convincing alignment mechanism for secondary mirrors

in astronomical telescopes.
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Fig. 16 Bi-directional repeatability test under nominal transla-

tion of ±5µm.

Fig. 17 Setup of lateral stiffness test by a 10-kg weight and a

Keyence displacement sensor.

Fig. 18 Axial stiffness in Z direction. Fig. 19 Lateral stiffness in Y direction.
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