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ABSTRACT

The Sloan Digital Sky Survey V (SDSS-V) is an all-sky spectroscopic survey of > 6 million objects, designed to
decode the history of the Milky Way, reveal the inner workings of stars, investigate the origin of solar systems,
and track the growth of supermassive black holes across the Universe.1 This paper describes the design of the
theta/phi fiber positioner robots that are being produced to be integrated in the Focal Plane System (FPS) of the
SDSS-V telescopes. For each installation, 500 robots are being manufactured, more than 800 units have already
been received from the manufacturer and validated. Mechanical, electronic and firmware designs are presented
in the current paper in detail. We will expose the different iterations of the prototypes that were developed, built
and tested and ultimately allowed to achieve the end version that meets the requested science requirements. The
fiber positioner robot is carrying 3 optical fibers integrated into a single snowflake ferrule. Two of the fibers are
science fibers connected to two different spectrographs, and the third fiber is used for metrology. The robot is
capable of positioning the fibers with a planar accuracy better than 50 microns with a first blind move within
its workspace of a diameter of 44.8mm. With a complementary fiber viewing camera (FVC) and the backlighted
metrology fiber to perform a few small corrections moves, the positioner can reach a sub 5-micron precision on
the fiber position.
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1. INTRODUCTION

The Sloan Sky Digital Survey (SDSS) just started its fifth iteration. The focal plane system (FPS) will be
updated from fiber manual plug operations(see Fig. 1(a)) to a robotic system. Each telescope will be equipped
with 500 Fiber Positioner Units (FPUs), allowing the fibers to be moved to target locations automatically and
in a speed efficient way (see Fig. 1(b)). The FPS will provide an increased cadence for the survey and a more
modular and agile system for target selection.

Each FPU is a two degree of freedom SCARA type robot designed to perform within the given specifications
and allowing a rapid reconfiguration of the focal plane. Every FPU is composed of a mechanical assembly allowing
accurate motion of the fibers and mounting on the FPS main plate and an electronic board with custom firmware
performing the control of the actuators and the communication with main control system that determines the
trajectories to be followed by the FPUs in order to reach the target and avoid collisions with neighbouring units.
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Figure 1. Plug plate system2 (a) and plate system with 500 FPUs (b) (reproduced from3)

2. DESIGN

The design of the FPUs is based on the requirements that are fulfilled by the SDSS-IV survey. As the spec-
trographs used for SDSS-IV and SDSS-V are the same, no degradation on the throughput nor the resolution is
allowed.

Table 1, summarizes the main requirements for each FPU.

Table 1. Requirements for the FPUs.

Parameter Requirement

XY Error first move iteration < 50 µm rms

XY Error 2nd/3rd iteration < 5 µm max (metrology dependent)

Z Error (defocus) < 70 µm

Tilt Error < 0.3° rms

Reconfiguration time < 3 minutes spec, 2 minutes goal (including metrology)

Power while active < 2 watts

Power while idle < 0.5 watts

Operational Lifetime 300k targets / 10 years / positioner

Workspace Annular shape, router ∼ 2× rinner

Operational temperature -20°C to +40°C
Maximum relative humidity 80%

Fiber Payload 3 per positioner

Size of fiber positioner robot < 25 mm diameter, 380 mm max (incl. electronics)

Mass of a fiber positioner robot <250 g (total for 500 positioners 125 kg)

2.1 Mechanical

The mechanical assembly of the FPUs is composed of a main housing and two serial arms (α and β) that allow
full coverage of the workspace (see Fig. 2). Each arm is actuated using a brush less DC motor (BLDC) and an
high ratio gear box that provides accurate positioning at the output and makes the system non back driveable,
such that the system can be powered off during observations. On the prototypes the motion of the alpha arm was
done using 12 mm diameter motor and a 879:1 ratio zero backlash spur gear heads, and the beta arm using 6 mm



Figure 2. Model of P1 prototype and its α and β arms (reproduced from3)

Figure 3. Hollow shaft for fiber path (reproduced from3)

diameter motor and a 1024:1 planetary gear heads. Both arms have a range of motion of at least 370° to allow
a full coverage of the work space and dual configurations for any target (right hand or left hand configuration).

The fiber guidance is done through the middle of the unit. In order to reduce the torsion of the fiber and
mechanical stress applied to it, a hollow shaft is used to allow the fiber to go through the main mechanical
elements (see Fig. 3). The first prototypes were built to provide fixation for three independent ferrules at the
tip of the beta arm, so that three fibers could be installed. Two fibers are used for science (one for the visible
spectrum and one for the infrared spectrum) and a third fiber is used for metrology. The latest prototype have
been built with only a single custom ferrule provision. Indeed the FPS system will use a single ferrule equipped
with three fibers in order to allow easier installation and maintenance of the system.

The datum’s reference for both arms was done using microball switches on the first prototypes (Fig. 4(a)),
but due to aging issues and costs, the datums have been replaced by a more simple but robust and repeatable
hard stop feature (Fig. 4(b)) . The datum is calibrated by driving the arms until a collision is detected with the
hard stops.

One last important feature is the play reduction. In order to achieve the required accuracy and repeatability,
the actuators have been designed with play reduced features. Two different features have been used. The simplest
one to implement, was using play reduced gear boxes available off the shelf from manufacturers. The second was
using a custom torsion spring on the beta arm to reduce the backlash, this feature is possible since the output
only moves within around one turn at the output (Fig. 5).

2.2 Electronic

A custom electronic board has been developed and is part of the FPUs. The rectangular dimensions are required
because of the mechanical constraints of the system. Majors parts of the design are the connectorization, the
power stage, the core controller and the motor drives. The connector has been chosen in order to provide the
possibility of daisy chaining the FPUs. Indeed, in order to reduce the amount of cables inside the FPS and
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Figure 4. Datum’s view: microswitch on the left (a) and hardstop pin on the right (b) (reproduced from3)

Figure 5. Mechanical design detailed view (reproduced from3)

facilitate the mounting and maintenance of FPUs, the electronics has been designed to be used in a daisy chain
configuration for up to 24 units. The power stage has been designed to be able to operate from a 9 to 24 VDC
power input, and provides the two main voltages internally. A 6 V supply for driving the motors and a 3.3 V
supply to power the control and communication electronics. The core controller is based on an Cortex ARM
micro controller and using a custom bootloader and firmware, provides communication, calibration and control
features to the FPU. The communication is done through a CAN bus and at rate of 1Mb/s and up to 50 units
can be used on the same bus. In order to evaluate the communication performance and avoid any issues, a tst
bench with 50 electronic boards has been assembled and used for several communication tests (Fig. 7). Finally
a drive stage enables the micro controller to drive the motors and read back the analog hall sensors values for
control and collision detection purposes. In order to reduce the power consumption, many electronics features
can be turned off individually (like the hall sensors, the motors drives, the communication drive, etc...).

Figure 6. Electronics



Figure 7. Communication test bench

2.3 Firmware

The firmware operating on the FPUs is composed of two main parts: the bootloader and the main firmware.

The custom bootloader allows to configure some factory settings and to perform main firmware upgrades via
the CAN communication bus. The major feature that has been extensively tested is the firmware upgrade to
allow in-situ upgrades in case of required bug corrections or updated features to be provided after installation
on the telescopes.

The main firmware is in charge of the motion control and all associated tasks. The control of the motors
is very versatile and can be done using closed loop control, open loop control, collision detection and many
other features.4 The main features are the accurate control of the actuators that is achieved using a closed
loop control during normal operation. The analog hall sensors on the motors allow for a very efficient control
and a collision detection feature that would stop any motion and prevent any damage of the FPUs in case of
any incident. Another implemented feature is the calibration of the datums and of the control parameters (feed
forward) for driving the motors. The firmware is cable of auto calibration for several parameters, allowing an
easier maintenance of the system.

3. PROTOTYPES

Several iterations of the prototypes have been built (both mechanical and electronic). Each iteration has been
extensively tested and results used to improve the following iterations, an example of a prototype built is shown
in Fig. 8.

In order to test the different prototypes, custom test benches and protocols5 have been used to validate and
improve the design. The key parameters, such as non linearity (example in Fig. 9), hysteresis (example in Fig. 10)
and repeatability are measured and analyzed in order to verify performance and improve, if possible, the design.
Tests at the full temperature range were performed to validate the designs. Simulated lifetime testing has also



Figure 8. P1 prototype built

Figure 9. FPU prototype non linearity example

been done to verify that the amount of targets required by the project could be achieve without significant loss
in performance.

The major design changes that have been done during the iterations are enumerated in the following para-
graphs. For every iteration designed, several units were built, tested and operated together (example in Fig. 11).

General rigidity of the system has been improved by using stiff coupling between gear boxes output shafts
and arms. Indeed some couplings were not stiff enough, specially for the β arm and the repeatability was very
poor. The final FPU design is done without coupling units by fixating the gear boxes shafts to the arms. Also
in order to improve the α arm rigidity the final version of the FPU is designed with a similar spring system for
play reduction as the β arm and planetary gears.

During the tests, it has been noticed that the motors present a cogging torque, and thus when powering off the
FPUs the arms might slightly move. In order to solve this issue, a small current needs to be applied to the motors
so that the position is kept. Since the power consumption is important in order to minimize the heat generated,
the electronic has been added with features that allow disabling several components, as communication and hall

Figure 10. FPU prototype hysteresis example



Figure 11. Mini prototype woke

(a) (b)

Figure 12. Temperature testing: on the left a frozen beta arm (a) still operating, on the right the thermal chamber used
for testing (b)

sensors, during idle state. This way during observation a minimal power is used to maintain the position of the
arms.

Material and design of the spring used for play reduction has been reworked in order to compensate a loss
of preload at low temperatures. After some testing it has been noticed that the fiction at low temperature was
causing issues and the preload on the β arm was not performing as designed. During temperature testing, the
units were pushed below the requirements, but even at very low temperature and with ice forming around the
beta arm, the FPUs were still operating (Fig. 12).

After all the improvement done and changes performed to the design, the last batch of prototypes built was



(a) (b)

Figure 13. Results of positioner error (a) and repeatability (b) after at final prototype iteration

performing within the requirements and was used as basis for a public call for tender for the manufacturing
of all the FPUs that will be used on the telescopes and spares, the results on the performance are well in the
specification and suit the need. An example of positioning error and repeatability are shown in Fig. 13.

4. CONCLUSION

After the different prototypes iterations and extensive tests performed, the design is meeting all the requirements
and the production was validated also using a first batch of pre series provided by the vendor. The design has
been adapted to provide solution to all the challenges that were encountered and fulfill the needs of the project.

The production of all the FPUs is continuing and should be finished early 2021 and installed on both telescopes
during spring and summer 2021.

All the manufactured FPUs are being tested and random units from the main production are being used
for extensive testing including lifetime testing to mitigate any risks that could impact the performance and the
operation on the telescopes.
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