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1. Introduction 

 

On November 18, 2009, NOAO announced an opportunity to “pursue a large 

science program with the Mayall 4-meter telescope on Kitt Peak and to develop a major 

observing capability” for the National Observatory. In particular, the Call encouraged 

proposals that would enable (and pursue) “large, high-impact science programs and 

improve the capabilities within the U.S. System of ground-based optical and near-IR 

telescopes”. In response to this call we, the BigBOSS Team, propose to develop, in 

collaboration with NOAO, a highly multiplexed, wide-field fiber-fed spectrograph for 

the prime focus of the Mayall 4-m Telescope. The BigBOSS spectrograph focal plane 

has 5000 robotically actuated fibers covering a 3º diameter field of view. The fibers 

feed ten identical spectrographs, each covering the wavelength range from 340 to 1060 

   with a resolution         3000 – 4800. This instrument has been designed to 

enable a Key Project addressing fundamental questions in cosmology and will provide 

the NOAO community with a significant new observational resource. 

With the discovery that the bulk of gravitating matter in the universe is in a 

“dark” form (Zwicky, 1933; Rubin, Ford & Thonnard, 1980), and the even more 

startling discovery that the universal expansion is accelerating (Riess et al., 1998; 

Perlmutter et al., 1999), we have had to come to terms with the fact that 96% of the 

energy density of the universe is contained in some hitherto undetected (and 

unsuspected!) form. Over the last decade, there has been a growing realization that 

understanding these new components of the universe (i.e., the dark matter and dark 

energy) requires fundamentally new physics. Numerous ideas have been advanced to 

explain the acceleration and predict its redshift evolution (e.g., see review by Frieman et 

al., 2008). Nevertheless, despite intense efforts over the last decade since its discovery, 

there is still no consensus as to the nature of dark energy. Our understanding is still 

limited by a lack of data, specifically by our limited knowledge of the expansion rate 

and growth of structure as a function of redshift. The field looks to astronomical 

observations for guidance. 

It is therefore hardly surprising that numerous recent community-based reviews 

have recommended that a major undertaking of the astronomy and physics communities 

be focused on constraining the equation of state of dark energy, or more generally the 

accurate measure of the Universe's expansion history. These include Connecting Quarks 

to the Cosmos (Committee on the Physics of the Universe 2003); the Report of the Dark 

Energy Task Force (DETF; Albrecht et al. 2006); the Report of the High Energy and 

Particle Astrophysics (HEPAP) Particle Astrophysics Scientific Assessment Group 

(PASAG; Ritz et al. 2009); New Worlds, New Horizons in Astronomy & Astrophysics, 

and the Report of the Committee for a the Astro2010 Decadal Survey of Astronomy and 

Astrophysics (Blandford et al. 2010, http://www.nap.edu/catalog/12951.html). 

http://www.nap.edu/catalog/12951.html
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BigBOSS will obtain observational constraints that will bear on three of the four 

“science frontier” questions identified by the Astro2010 Cosmology and Fundamental 

Physics Panelof the Decadal Survey: Why is the universe accelerating? What is dark 

matter? What are the properties of neutrinos? Indeed, the BigBOSS project was 

recommended for substantial immediate R&D support by the PASAG report. The 

second highest ground-based priority from the Astro2010 Decadal Survey was the 

creation of a funding line within the NSF to support a “Mid-Scale Innovations” 

program, and it used BigBOSS as a “compelling” example for support. This choice was 

the result of the Decadal Survey's Program Prioritization panels reviewing 29 mid-scale 

projects and recommending BigBOSS “very highly”. 

 

 

1.1. The BigBOSS Instrument 

 

The BigBOSS instrument (see Figure 1.1) is composed of a set of telescope 

prime focus corrector optics, a massively multiplexed, roboticized optical fiber focal 

plane, and a suite of fiber-fed medium resolution spectrographs, all coordinated by a 

real-time control and data acquisition system. The conceptual design achieves a wide-

field, broad-band multi-object spectrograph on the Mayall 4-  telescope at KPNO. 

 

Figure 1.1. BigBOSS instrument installed at the Mayall 4-  telescope. A new corrector lens assembly and robotic positioner fiber 

optic focal plane are at mounted at the prime focus. The yellow trace is a fiber routing path from the focal plane to the spectrograph 

room incorporating fiber spooling locations to accommodate the inclination and declination motions of the telescope. The two 

stack-of-five spectrograph arrays are adjacent to the telescope base at the end of the fiber runs. 
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Telescope 

3º linear FOV 

3.8   diameter aperture,   4.5 

1.8   linear obscuration 

Focal length 17.1   

Wavelength response 340 – 1060    

Blur   28    RMS (0.35       ) 

Focal surface 

4000    convex sphere 

950    diameter 

Fiber System 

5000 robotic fibers 

Fiber diameter 1.45        (120   ) 

Fiber actuator spacing 145        (12   ) 

Spectrographs 

Bandpasses 

Blue: 340 – 540    

Visible: 500 – 800    

Red: 760 – 1060    

Resolution 

Blue: 3000 

Visible: 2960 

Red: 2960 

Cameras 

4    4  pixels per channel 

3 pixel minimum sampling 

Pixel size 

Spatial:  0.75        

Blue:  0.488 

Visible:  0.732 

Red:  0.732 

QE (400 – 1000 nm)    80% 

Read noise    2.5   

Dark current    0.03           

Pixel rate  100               

Instrument cycle time (parallelizable) 

CCD readout  40   

Fiber positioning  60   

Telescope slew and guide lock    60   

Table 1.1. Instrument parameters. 
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Table 1.1 summarizes the key instrument parameters such as field of view, 

number of fibers, fiber size and positioning accuracy, spectrograph partitioning, and 

integration time, were derived from a blend of science requirements and technical 

boundaries. These were derived from a confronting the science requirements for the 

Key Science Project with realistic technical boundaries. 

 

Figure 1.2. BigBOSS telescope system block diagram. 
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The instrument wavelength span requirement of 340 – 1060    was determined 

by the need to use galaxy [O II] doublet (3727   and 3729  ) emission lines to measure 

the redshift of Luminous Red Galaxies (0.2       1) and Emission Line Galaxies (0.7 

      1.7) and the Ly-  (1215  ) forest for Quasi-Stellar Objects (2       3.5). 

 

Figure 1.3. BigBOSS focal plane and spectrograph systems block diagram. 

The large, 3º linear FOV was set by a requirement to accomplish a 14000      

survey area in 500 nights at the required object sensitivity. The field was selected 

following feasible designs that were demonstrated in earlier NOAO work and expanded 

upon with BigBOSS studies. In the implementation, the existing Mayall prime focus is 

replaced with a six element corrector illuminating the focal plane with a   4.5 
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telecentric beam that is well matched to the optical fibers acceptance angle. In this way, 

the large FOV can be accomplished within a total optical blur budget of 28    RMS. 

Given the FOV and required number of objects to observe, we design the focal 

plane to accommodate 5000 fibers by using demonstrated 12    pitch fiber actuators. 

A 120    fiber core size is chosen to fit a 105    FWHM image of a galaxy (after 

telescope blur and site seeing of 1        RMS) while minimizing inclusion of 

extraneous sky background. The fiber size choice allows for fiber tip placement of 5    

RMS accuracy. 

In order to achieve spectral resolutions of 3000 – 4000 for resolving the [O II] 

doublet lines while keeping the optical element small and optimized for high 

throughput, we have chosen to divide the system into ten identical spectrographs each 

with three bandpass-optimized arms with each spectrograph recording 500 fibers and 

each arm instrumented with 4    4  CCD. 

The exposure time of 16.6 minutes is based on the requirement that at least one 

of the lines of the [O II] doublet lines 3727   and 3729   from an Emission Line 

Galaxy with a line flux of 0.9 10
–16

            is detected with a signal-to-noise 

ratio of 8. The time was derived using the BigBOSS exposure time calculator described 

in Appendix A and including known detector characteristics (readnoise, dark current, 

and quantum efficiency), effective telescope aperture, mirror refection, fiber coupling 

and transmission losses, and spectrograph throughput. A one minute deadtime between 

exposures was set to maintain the needed observing efficiency while allowing for 

spectrograph detector reads, fiber positioning, and telescope pointing. 

Figures 1.2 and 1.3 schematically show the content and interplay of instrumental 

systems. 

 

 

1.2. The Fiber Positioners 

 

A key enabling element for an efficient survey is a robotically manipulated fiber 

positioning array. The ability to reposition the fiber array on a timescale of   1 

    greatly improves on-sky operational efficiency when compared to manual fiber 

placement methods. Requirements for the fiber positioner system are shown in Table 

1.2. 

The fiber positioners selected for BigBOSS will be assembled by the China 

USTC group, who has experience designing and manufacturing the actuators for the 

LAMOST project. Several variants of the LAMOST actuators, specifically designed for 

BigBOSS, are currently under test at USTC. Current BigBOSS designs include a 10 
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   diameter (12    pitch) actuator, as well as a 12    and 15    diameter variant. 

The 12    diameter version (see Figure 1.4) has a measured positioning repeatability 

(precision) of better than 5   . Key changes to the LAMOST design include 

installation of smaller diameter motors with co-linear axes, and a redesign of the gear 

system. The LBNL/USTC team is currently working to achieve a 10    diameter (12 

   pitch) actuator. The Instituto de Astrofísica de Andalucía (IAA-CSIC, Granada, 

Spain) in collaboration with the company AVS is in parallel working on a separate 

design for a BigBOSS 10    diameter actuator. The two designs will be reviewed and, 

finally, the best of each will be used for the BigBOSS actuator. IAA-CSIC/AVS has 

extensive experience with the design, construction and testing of a high precision fiber 

positioner prototype for the 10   Gran Telescopio Canarias. 

Number of actuators   5000 

Actuator pitch 12    center to center 

Patrol radius 12        6.93    (filled survey) 

Defocus over patrol disk   10    including spherical departure 

Patrol disk tilt error   2:4      

Positioning accuracy (w/o fiber view 

camera feedback) 
  100    (absolute) 

Local positioning accuracy (over 200    

distance) 
  5    (absolute) 

Power (per actuator) 
  0.4   peak during actuation,   5    

while waiting for command 

Fiber termination 
1.25   10    ferrule, replaceable 

without disassembly of actuator 

Stray light treatment 
Diffuse black paint on upper surfaces of 

fiber positioner 

Table 1.2. Fiber Positioner System Requirements. 

The choice of power and command signaling architecture for the robotic 

actuators is driven by packaging constraints. LAMOST experience shows that fiber, 

power and command line routing space is at a premium on a high-density robotic focal 

plane array. LAMOST opted to implement a hybrid wire/wireless scheme, in which 

only power lines and fibers were connected to each actuator and commanding was 

implemented by a ZigBee R 2.4     wireless link. Based on this experience, BigBOSS 

has baselined ZigBee wireless communication. We have discussed with UC Berkeley 

and LBNL people working with the ZigBee standards committee and they indicated that 

this is good application and will be more so with an upcoming revision to the standard. 

Five transmitters will communicate with 1000 actuators. The thermal cover on the aft 

end of the corrector will serve as a faraday cage to contain RF transmission from the 

ZigBee array. Although ZigBee commanding is currently baselined, power-line 

commanding is also under consideration. Figure 1.5 shows the baseline actuator control 

board as implemented by USTC, and the overall architecture. In order to reduce the size 

of the board compared to that of LAMOST, a smaller microcontroller (without integral 
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ZigBee) was selected. The power converter of the LAMOST board was made 

unnecessary by selecting a motor driver, microcontroller and ZigBee IC that operate at 

the same voltage. Each group of 250 actuators will be powered by one dedicated 250   

power supply. 

 

Figure 1.4. 12    diameter actuator under test at USTC. 

 

Figure 1.5. BigBOSS wireless actuator control board is 7    wide, with 4-layers. This USTC design is simplified compared to that 

of LAMOST. 
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2. Material, methods and results 

 

A series of tests is here presented which was aimed to characterize the motor + 

gearbox mounted onto a spring preload system. Those devices are a motor ADM0620-

2R-V3-06 and a gearbox 06/1K 1024:1. 

 

Figure 2.1. The setup used for the tests, with the microscope mounted on XY micrometric tables, and the preload system with the 

arm holding the pinhole. 

A device was designed by IAA/AVS and built by AVS to hold the motor, set the 

preload on the gearbox output axis and attach a 2   pinhole on an arm moved by the 

gearbox output axis, so that the angular position of the axis can be accurately measured 

via a microscope and a camera, which can take pictures of the pinhole position (Figures 

2.1 and 2.2). 

The camera sees a portion of 0.777   0.58   , with a pixel size of 1.21  . The 

centroid interpolation of the pinhole spot anyhow gives a better resolution than one 

micron. 

 

Figure 2.2. The setup used for the tests, with the motor + gearbox and the spring preload. 
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The motor + preload system is set up so that increasing steps go 

counterclockwise and the spring is loaded counterclockwise; the angles 0º, 90º, 180º, 

270º and 360º are then obtained with steps 0, 5120, 10240, 15360 and 20480 

respectively. 

Some of the tests used the spring preload and some others used weights (when a 

constant torque was needed). The parameters that have been measured are such as the 

spring torque, the repeatability with spring preload, the effective power consumption in 

different modes, etc. 

 

 

2.1. Test 1: Measurements of the torque of the spring preload 

 

This test consists in varying the number of steps (the angle) of the motor + 

gearbox for measuring the torque of the spring preload by using some weights. 

In this test, the motor + gearbox were set up with the spring preload and      

was set still at 3  . A weight container was attached to a chord wounded to a cylinder, 

which was placed concentrically to the shaft of the motor + gearbox. 

For varying the torque, different angles were set progressively in steps of 20º, 

from 90º to 270º, which is the spring preload working range. Each time the angle was 

modified, the weight attached to the cylinder was calibrated in order to balance the 

spring torque. Such weight gives the spring torque. 

Steps 
Angle 

(º) 

Torque when 

loading 

(    ) 

Torque when 

unloading 

(    ) 

Average 

torque 

(    ) 

5120 90 1.220 1.118 1.169 

6258 110 1.525 1.423 1.474 

7396 130 1.728 1.627 1.677 

8533 150 2.033 1.932 1.982 

9671 170 2.237 2.237 2.237 

10240 180 2.338 2.338 2.338 

10809 190 2.440 2.440 2.440 

11947 210 2.847 2.847 2.847 

13084 230 3.050 3.050 3.050 

14222 250 3.253 3.253 3.253 

15360 270 3.457 3.457 3.457 

Table 2.1. In load, in unload and average torques for the spring preload at different angles. 
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When the maximum angle was achieved, the same task was executed, but 

decreasing the load and going backward from 270º to 90º. 

 

Figure 2.3. Average torque of the spring preload depending on the angle. 

Finally, knowing that 20.41   at 5   , which is the radius of the cylinder, 

corresponds to a torque of 1     , the torque for the spring preload was calculated 

both in loading and unloading direction. The average torque was obtained through the 

mean of the two. These results are shown in Table 2.1. 

The torque of the spring preload varies from 1.169      at 90º to 3.457 

     at 270º in an almost linear function as shown in Figure 2.3. 

 

 

2.2. Test 2: Identification of the most suitable reference voltage      

 

This test consists in varying the reference voltage      and checking the motor + 

gearbox with the spring preload in order to identify the minimum one needed for not 

losing steps. 

For this test, the motor + gearbox were also set with the spring preload and      

was progressively decreased in steps of 0.05  , starting from a value of 2.7  , in order 

to identify the minimum needed in order to not lose motor steps. 

The starting angle for the motor + gearbox and spring preload was set to 270º, 

which correspond to 15360 steps, the maximum value for the spring preload working 

range. 
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The number of steps was modified to higher (15860) and lower (12800) ones 

and brought back to the 15360 steps position in order to test the repeatability of the 

position and thus see if there was any loss of steps. 

At      = 2.7  , the repeatability of the set up was perfect. However, when 

    was decreased to a value of 2.65  , a loss of steps was observed. 

Although the working      of the prototype could be set to 2.7  , a value of 3   

was chosen because it is an easy value to set and it ensures a safer operation. 

 

 

2.3. Test 3: Repeatability of the preload system over 360º range 

 

This test consists in taking several images of the pinhole after turning the motor 

+ gearbox without the spring preload 360º in order to check its repeatability. 

In this test, the motor + gearbox were set up, but without the spring preload.      

was set again at 3   and three different weights (corresponding to the minimum, 

average and maximum spring torque, respectively) were attached to the cylinder. 

The results here shown are expressed in microns and refer directly to the fiber 

position. Because the pinhole distance from the rotation axis (26.085    measured 

with a digital caliper) is much larger than the final arm radius of the positioner (6.93 

  ) where the motors will be used, the effective data scaled to the real positioner are 

obtained multiplying by 0.266. 

Preload torque = 1.02      

Data n. Images used Diff. ( ) 

1 Imagen_042-Imagen_041 2.20 

2 Imagen_044-Imagen_043 1.22 

3 Imagen_046-Imagen_045 1.27 

4 Imagen_048-Imagen_047 1.18 

5 Imagen_050-Imagen_049 1.15 

6 Imagen_052-Imagen_051 1.14 

7 Imagen_054-Imagen_053 1.17 

8 Imagen_056-Imagen_055 1.06 

9 Imagen_058-Imagen_057 1.10 

10 Imagen_060-Imagen_059 1.09 

AVE = 1.256   = 0.320 BOX = 1.062 – 2.200 

Table 2.2. Series of data for repeatability test at a complete turn of the shaft of the motor for a minimum preload torque of 1.02 

     scaled to a 6.93    radius. 
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Preload torque = 2.24      

Data n. Images used Diff. ( ) 

1 Imagen_022-Imagen_021 5.79 

2 Imagen_024-Imagen_023 1.88 

3 Imagen_026-Imagen_025 2.10 

4 Imagen_028-Imagen_027 2.01 

5 Imagen_030-Imagen_029 2.03 

6 Imagen_032-Imagen_031 1.95 

7 Imagen_034-Imagen_033 2.02 

8 Imagen_036-Imagen_035 1.96 

9 Imagen_038-Imagen_037 2.11 

10 Imagen_040-Imagen_039 1.99 

AVE = 2.382   = 1.136 BOX = 1.882 – 5.786 

Table 2.3. Series of data for repeatability test at a complete turn of the shaft of the motor for an average preload torque of 2.24 

     scaled to a 6.93    radius. 

First of all, the best approximating weight to the minimum spring torque, which 

was 1.02     , was attached to the cylinder and the position of the motor + gearbox 

was set at an angle of 0º. Then, the microscope was positioned in order to take a picture 

of the pinhole. After that, the arm was rotated by 360º and another picture of the pinhole 

was taken. 

Preload torque = 3.46      

Data n. Images used Diff. ( ) 

1 Imagen_002-Imagen_001 0.86 

2 Imagen_004-Imagen_003 2.34 

3 Imagen_006-Imagen_005 2.25 

4 Imagen_008-Imagen_007 2.14 

5 Imagen_010-Imagen_009 2.27 

6 Imagen_012-Imagen_011 2.21 

7 Imagen_014-Imagen_013 2.31 

8 Imagen_016-Imagen_015 2.49 

9 Imagen_018-Imagen_017 2.37 

10 Imagen_020-Imagen_019 2.19 

AVE = 2.143   = 0.438 BOX = 0.859 – 2.488 

Table 2.4. Series of data for repeatability test at a complete turn of the shaft of the motor for a maximum preload torque of 3.46 

     scaled to a 6.93    radius. 

This process was repeated ten times in order to test the repeatability of the 

preload system with the minimum torque. The results are shown in Table 2.2. 

After that, the weight was replaced by the best approximation to the average 

spring torque, which was 2.24     . 
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The same process was repeated again ten times and the results are shown in 

Table 2.3. 

Finally, the weight was replaced by the one that corresponded to the maximum 

spring torque, which is 3.46     . The results for the ten repetitions of the process 

are shown in Table 2.4. 

Although the results are very good in all cases, there is a large jump between the 

first two images obtained with the weight corresponding to the average torque. This 

could be explained by the weight being caught while moving at some point. 

 

 

2.4. Test 4: Effective power under different spring preloads 

 

This test consists in measuring the voltage and the current of the system under 

different spring preloads for calculating the corresponding effective power 

consumption. 

This test consists in measuring the voltage and the current (both when the motor 

is working with the spring preload in favor – clockwise – and against – 

counterclockwise – the spring preload) at different angles (90º, 125º, 180º, 225º and 

270º), within the spring preload working range. 

This test was performed both with spring preload and without any preload, in 

both directions in order to compare the two cases. 

The results obtained with the spring preload are shown in Tables 2.5 and 2.6, 

while those obtained without it are shown in Tables 2.7 and 2.8. 

The values for the voltage and current at different modes (sleep on and steady 

state before and after the test) were also measured and the results are shown in Table 

2.9. 

Angle 

(º) 

Voltage 

( ) 

Current 

(  ) 

Effective power 

(  ) 

90 3.37 22.57 76.06 

125 3.37 22.55 75.99 

180 3.37 22.53 75.93 

225 3.37 22.51 75.86 

270 3.37 22.49 75.79 

Table 2.5. Results for the effective power at different angles with spring preload and motor working in favor of the spring torque 

(clockwise). 
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Angle 

(º) 

Voltage 

( ) 

Current 

(  ) 

Effective power 

(  ) 

90 3.37 22.80 76.84 

125 3.37 22.85 77.00 

180 3.37 22.85 77.00 

225 3.37 22.83 76.94 

270 3.37 22.83 76.94 

Table 2.6. Results for the effective power at different angles with spring preload and motor working against the spring preload 

(counterclockwise). 

Angle 

(º) 

Voltage 

( ) 

Current 

(  ) 

Effective power 

(  ) 

90 3.37 22.51 75.86 

125 3.37 22.49 75.79 

180 3.37 22.47 75.72 

225 3.37 22.47 75.72 

270 3.37 22.48 75.76 

Table 2.7. Results for the effective power at different angles without spring preload and motor turning clockwise. 

Angle 

(º) 

Voltage 

( ) 

Current 

(  ) 

Effective power 

(  ) 

90 3.37 22.65 76.33 

125 3.37 22.67 76.40 

180 3.37 22.66 76.36 

225 3.37 22.63 76.26 

270 3.37 22.64 76.30 

Table 2.8. Results for the effective power at different angles without spring preload and motor turning counterclockwise. 

Mode 
Voltage 

( ) 

Current 

(  ) 

Effective power 

(  ) 

Sleep on 3.37 0.00 0.00 

Steady state 

(before test 10) 
3.37 22.07 74.38 

Steady state 

(after test 10) 
3.37 21.90 73.80 

Table 2.9. Results for the effective power at different modes. 

Considering these results, it can be fairly said that the voltage of the system is 

constant with a value of 3.37  . 
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When the motor is working either clockwise or counterclockwise with the spring 

preload, the effective power of the system seems to increase with the angle and thus 

with increasing torque of the spring preload. When it is working without the spring 

preload, the results might suggest that the system has a preferred (with less friction) 

direction of rotation (clockwise). 

During this test, the fluctuation of the current decimal figure was large, making 

its fine measurement pretty difficult. Considering this, the resolution of the values is 0.1 

  . 

 

 

2.5. Test 5: Effective power VS torque 

 

This test consists in measuring the voltage and the current (when the motor is 

working both clockwise and counterclockwise direction) when applying a certain torque 

to the output shaft. 

 

Figure 2.4. The setup used for test of the relationship between the effective power and the torque. 

The motor + gearbox were set up without the spring preload and the torque was 

generated with weights. A weight container was attached to a chord wounded to a 

cylinder placed concentrically to the shaft of the motor + gearbox as shown in Figures 
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2.4 and 2.5. The weight was split so that two chords would act in opposite directions on 

the cylinder and no radial stress would affect the output shaft. 

 

Figure 2.5. Detail of the setup used for test of the relationship between the effective power and the torque where the two opposed 

chords are visible on the cylinder. 

The results obtained in this test are shown in Figure 2.6 and Tables 2.10 and 

2.11. Considering these results, it can be fairly said that the voltage of the system is 

constant with a value of 3.38  . 

 

Figure 2.6. Effective power VS torque. 
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Also, the clockwise (in favor of the torque) current varies between 22.68    at 

3.04      and 23.22    at 10.08     , while the counterclockwise (against the 

torque) current varies between 22.43    at 3.04      and 22.34    at 10.08 

    . 

Torque 

(    ) 

Voltage 

( ) 

Clockwise current 

(  ) 

Counterclockwise 

current 

(  ) 

3.04 3.38 22.68 22.43 

3.98 3.38 22.77 22.43 

4.99 3.38 22.84 22.43 

5.98 3.38 22.90 22.40 

7.00 3.38 22.98 22.39 

8.04 3.38 23.07 22.37 

9.09 3.38 23.15 22.37 

10.08 3.38 23.22 22.34 

Table 2.10. Results of voltage and current in favor (clockwise) and against (counterclockwise) the preload at different torques. 

The value for the effective power while the motor is working in favor of the 

preload (clockwise) varies between 76.66    at 3.04      and 78.48    at 10.08 

    . The effective power while the motor is working against the preload 

(counterclockwise) varies between 75.81    at 3.04      and 75.51    at 10.08 

    . 

Torque 

(    ) 

Clockwise effective 

power 

(  ) 

Counterclockwise 

effective power 

(  ) 

Average effective 

power 

(  ) 

3.04 76.66 75.81 76.24 

3.98 76.96 75.81 76.39 

4.99 77.20 75.81 76.51 

5.98 77.40 75.71 76.56 

7.00 77.67 75.68 76.68 

8.04 77.98 75.61 76.79 

9.09 78.25 75.61 76.93 

10.08 78.48 75.51 77.00 

Table 2.11. Results of the in favor of the preload (clockwise), against the preload (counterclockwise) and average effective power at 

different torques. 

As expected, it seems that the current increases with the torque while the motor 

is turning in favor of the preload (clockwise) and it decreases while it is working in the 

opposite direction. 
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Taking all these results into account, the average effective power varies between 

76.24    at 3.04      and 77.00    at 10.08     . 

When the system is set awake (steady state) and is not moving, there is also 

some effective power consumption. The value for the current is 21.83   , which 

corresponds to an effective power of 73.79   . 

The correlation coefficient    for the clockwise effective power is 0.998, for the 

counterclockwise effective power it is 0.925 and for the average effective power it is 

0.991. So it can be considered that the relationship between the effective power and the 

torque is almost linear. 

 

 

2.6. Test 6: Absolute position accuracy 

 

This test consists in turning the motor + gearbox with the spring preload and 

comparing the theoretical and measured distance between a reference position and other 

along one turn of the output shaft. 

For this test, the motor + gearbox were set up with the spring preload. A plastic 

disc with a ruled border was attached to a cylinder, which was placed concentrically to 

the shaft of the motor + gearbox. The rule range was not suitable for this gearbox ratio, 

so a correcting factor of 8.57 had to be used. 

In order to test the step accuracy of the system, the motor was sent to different 

positions (0º, 45º, 90º, 135º, 180º, 225º, 270º, 315º and 360º), corresponding to different 

steps (0, 2560, 5120, 7680, 10240, 12800, 15360, 17920 and 20480), and the position 

read on the disc rule through the microscope with a magnification of 10  . Note that the 

spring range is exceeded in both directions and this must be taken into account when 

interpreting the results. 

First of all, a centering test was performed by controlling the position of the 

circumference of the rule during a complete turn of the motor + gearbox. 

Due to the magnification of the microscope and the correcting factor of the rule, 

the resolution available is worse than in the previous tests. 

The results obtained are the same turning in favor and against the spring preload, 

so the direction of the motor does not influence them. 

The maximum difference between the expected positions is 117.22 steps 

(between position 225º and position 315º), while the minimum is 0.11 steps (between 



  Material, methods and results 

 22 

position 45º and position 270º and between position 135º and position 360º). The 

average step difference is 29.22 steps. 

However, some kind of mistake must have occurred during this test when 

writing down the obtained results for the number of steps corresponding to 225º. If this 

result is changed, the maximum difference between the expected positions is 31.50 

steps (between position 225º and position 315º), while the minimum is 0.11 steps 

(between position 45º and position 270º and between position 135º and position 360º). 

The average step difference is 10.47 steps. This way, these results are much more 

consistent. 

Considering those results, all the step differences are included in the error for the 

step accuracy range. 

This test was repeated after the heavy duty test. The results obtained then are 

noticeably worse than those from the first time the test was performed. In this case, the 

results are not the same turning in favor and against the spring preload. 

Turning against the spring preload, the maximum difference between the 

expected positions is 77.25 steps (between position 0º and position 225º), while the 

minimum is 0.11 steps (between position180º and position 315º). The average step 

difference is 33.69 steps. 

Turning in favor of the spring preload, the maximum difference between the 

expected positions is 112.68 steps (between position 90º and position 315º), while the 

minimum is 0.11 steps (between position 135º and position 270º). The average step 

difference is 56.98 steps. 

The results obtained when the motor + gearbox is working in favor of the spring 

preload are worse than the ones obtained when it is working against the spring preload. 

Considering that, the minimum step difference is included in the error for the 

step accuracy range, but the average and maximum step difference are not. 

 

 

2.7. Test 7: Heavy duty test 

 

This test consists in targeting a large number of positions of the motor + gearbox 

with the spring preload in order to characterize the behavior of the system after a long 

period of functioning. 

For this final test, the motor + gearbox were set with the spring preload. A table 

of 50000 random positions between 0 and 20480 steps (from an angle of 0º to an angle 

of 360º) is run through by the system, which corresponds to 5 years of operation of the 
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system. However, the test was actually performed during 11 days, 13 hours and 47 

minutes (from 12/08/2011 at 17:45 to 24/08/2011 at 07:33) because the system was 

working without interruption. 

In this table, a certain position (corresponding to 5000 steps) was repeated 20 

times at intervals of about 5 minutes of functioning in order to have time enough for 

checking via remote connection the pinhole position and guarantee that the system was 

working properly. Due to these additional lines, the complete table of positions had 

106145 lines in total. 

An image was taken in the 5000 steps position from time to time. The results are 

shown in Table 2.11. 

Data n. Image X position ( ) Y position ( ) 

1 Imagen_001.fits 324.872 281.834 

2 Imagen_002.fits 324.825 283.474 

3 Imagen_003.fits 325.288 283.945 

4 Imagen_004.fits 324.095 293.574 

5 Imagen_005.fits 324.197 293.210 

6 Imagen_006.fits 324.398 310.317 

7 Imagen_007.fits 324.866 295.851 

8 Imagen_008.fits 325.513 296.585 

9 Imagen_009.fits 328.891 374.091 

10 Imagen_010.fits 329.762 374.448 

11 Imagen_012.fits 333.871 681.886 

12 Imagen_013.fits 336.490 715.792 

13 Imagen_014.fits 335.447 707.544 

14 Imagen_015.fits 336.277 716.952 

15 Imagen_016.fits 336.611 709.505 

16 Imagen_017.fits 335.439 711.309 

17 Imagen_018.fits 335.951 714.926 

18 Imagen_019.fits 335.951 714.926 

19 Imagen_020.fits 336.179 723.549 

20 Imagen_021.fits 336.914 723.588 

21 Imagen_022.fits 335.741 714.219 

22 Imagen_023.fits 335.632 716.350 

23 Imagen_024.fits 335.780 715.395 

24 Imagen_025.fits 335.828 716.310 

Table 2.11. Results of the heavy duty test at a position of 5000 steps. 

During this test, there was some kind of problem, because the microscope had to 

be moved 320    during the performance of the test in order to recover the position of 

the pinhole into the screen limits. 
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However, the microscope just had to be moved once, because the pinhole 

position was again always located within the screen limits afterwards. These results are 

shown in Figures 2.7 and 2.8. 

 

Figure 2.7. Pinhole position before moving the microscope 320    up. 

 

Figure 2.8. Pinhole position after moving the microscope 320    up. 

The temperature of the room, as well as the temperature of the driver and the 

motor, was also checked three times a day. Note that there was a difference of 0.6    

more in the temperature sensor of the driver than in the temperature sensor of the motor. 

The measurements are shown in Table 2.12. The first and the last lines were 

taken with all the components switched off. Considering these results, the average 

temperature of the laboratory is 23.40   , the average temperature of the driver is 25.77 

   and the average temperature of the motor is 25.41   . 
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Date Time 

Laboratory 

temperature 

(  ) 

Driver 

temperature 

(  ) 

Motor 

temperature 

(  ) 

12/08/2011 09:10 23.3 23.1 23.1 

12/08/2011 10:21 23.4 25.9 25.6 

12/08/2011 21:36 23.4 26.1 25.8 

13/08/2011 10:13 23.4 26.0 25.7 

13/08/2011 15:20 23.5 26.0 25.3 

13/08/2011 21:49 23.4 26.0 25.3 

14/08/2011 08:46 23.4 25.9 25.2 

14/08/2011 13:57 23.3 26.1 25.3 

14/08/2011 20:48 23.4 25.9 25.3 

15/08/2011 08:48 23.3 25.9 25.2 

15/08/2011 15:23 23.4 25.9 25.3 

15/08/2011 21:40 23.4 25.9 25.3 

16/08/2011 09:05 23.4 25.9 25.2 

16/08/2011 14:12 23.4 26.1 25.3 

16/08/2011 21:03 23.4 25.9 25.7 

17/08/2011 09:23 23.4 25.9 25.6 

17/08/2011 14:05 23.5 25.9 25.6 

17/08/2011 20:46 23.5 25.9 25.6 

18/08/2011 09:17 23.3 25.9 25.7 

18/08/2011 13:46 23.4 25.9 25.7 

18/08/2011 21:08 23.4 26.0 25.7 

19/08/2011 10:12 23.4 25.9 25.8 

19/08/2011 14:16 23.4 25.9 25.7 

19/08/2011 20:12 23.3 25.9 25.6 

20/08/2011 10:45 23.4 25.9 25.6 

20/08/2011 14:14 23.4 25.9 25.6 

20/08/2011 20:34 23.5 25.8 25.6 

21/08/2011 08:32 23.4 25.8 25.5 

21/08/2011 13:23 23.4 25.9 25.6 

21/08/2011 21:03 23.4 25.9 25.7 

22/08/2011 09:02 23.4 25.9 25.6 

22/08/2011 13:20 23.4 25.9 25.6 

22/08/2011 20:42 23.4 25.9 25.6 

23/08/2011 09:43 23.4 25.9 25.6 

23/08/2011 14:06 23.5 25.9 25.7 

23/08/2011 20:24 23.5 25.9 25.6 

24/08/2011 09:03 23.4 23.1 23.2 

Table 2.12. Temperatures of the laboratory, driver and motor during the heavy duty test. 



  Material, methods and results 

 26 

However, during the test, the temperature sensor attached to the motor was 

accidentally moved during a period of approximately three days (from 16/08/2011 to 

18/08/2011), so the result for the motor temperature might not be as accurate as the 

other results. 

After the heavy duty test, some of the previous other tests were repeated: the 

effective power under different spring preloads test and the precision on short runs test. 

Also, a repeatability test at 90º (5120 steps) was performed. 

The test for measuring the effective power under different spring preloads was 

only performed this time with the spring preload. These results are shown in Tables 

2.13 and 2.14. 

Angle 

(º) 

Voltage 

( ) 

Current 

(  ) 

Effective power 

(  ) 

90 3.37 23.48 79.13 

125 3.37 23.55 79.36 

180 3.37 23.57 79.43 

225 3.37 23.55 79.36 

270 3.37 23.58 79.46 

Table 2.13. Results for the effective power at different angles with spring preload and motor working in favor of the spring torque 

(clockwise). 

Angle 

(º) 

Voltage 

( ) 

Current 

(  ) 

Effective power 

(  ) 

90 3.37 23.24 78.32 

125 3.37 23.27 78.42 

180 3.37 23.25 78.35 

225 3.37 23.20 78.18 

270 3.37 23.19 78.15 

Table 2.14. Results for the effective power at different angles with spring preload and motor working against the spring preload 

(counterclockwise). 

Considering these results, it can be fairly said that the voltage of the system is 

constant with a value of 3.37  . 

When the motor was working clockwise, the effective power of the system 

seems to increase with the angle and thus with increasing torques of the spring preload. 

However, when the motor was working counterclockwise, the effective power of the 

system seems to decrease with the angle and thus with increasing torques of the spring 

preload. 

Again, because of the large fluctuation of the current decimal figure, its fine 

measurement was pretty difficult. Considering this, the resolution of the values is 0.1 

  . 
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Comparing these results with the ones obtained before the heavy duty test, the 

value for the average effective power, either clockwise or counterclockwise, is higher. 

When the motor is working in favor of the spring preload (clockwise), the effective 

power is increased 3.42   . When the motor is working against the spring preload 

(counterclockwise), the effective power is increased 1.34   . 

The test for the precision on short runs was also repeated. The test was performed 

around the points A, B, C, D and E (corresponding to 90º, 135º, 180º, 225º and 270º, 

respectively) in order to check the influence of different spring preloads. 

Close to each point, a second target is selected so that both fit on the screen, then 

the pinhole is switched between them five times, taking care that the starting point is 

reached in the same direction. 

The results of this test are shown in Tables 2.15, 2.16, 2.17, 2.18 and 2.19. 

Considering them, the statistics is very good, with a root-mean-square error      

between 0.266   and 3.403  ; except for point D, which corresponds to an angle of 225º 

and has a      of 9.394   for forward images and 10.261   for backward images. 

Forward      = 0.304   

Data n. Images used Diff. ( ) 

1 Image_002-Image_001 127.80 

2 Image_005-Image_004 127.61 

3 Image_008-Image_007 127.79 

4 Image_011-Image_010 127.71 

5 Image_014-Image_013 127.83 

6 Image_017-Image_016 127.31 

7 Image_020-Image_019 127.28 

8 Image_023-Image_022 127.43 

9 Image_026-Image_025 127.29 

10 Image_029-Image_028 127.22 

AVE  = 127.528   = 0.234 BOX = 127.217 – 127.835 

Backward      = 1.593   

Data n. Images used Diff. ( ) 

1 Image_003-Image_002 126.38 

2 Image_006-Image_005 126.28 

3 Image_009-Image_008 126.27 

4 Image_012-Image_011 126.39 

5 Image_015-Image_014 126.30 

6 Image_018-Image_017 125.93 

7 Image_021-Image_020 125.92 

8 Image_024-Image_023 126.05 

9 Image_027-Image_026 125.88 
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10 Image_030-Image_029 126.01 

AVE  = 126.141   = 0.191 BOX = 125.878 – 126.388 

Table 2.15. Series of data for short run precision measurement around 90º (point A). The first ten lines concern the pattern where 

the first movement unloads the spring, while the following lines concern the opposite pattern. The jump here is 60 motor-steps, thus 

a theoretical distance of 127.72  . 

Forward      = 3.403   

Data n. Images used Diff. ( ) 

1 Image_032-Image_031 194.61 

2 Image_035-Image_034 194.52 

3 Image_038-Image_037 194.71 

4 Image_041-Image_040 194.66 

5 Image_044-Image_043 194.83 

6 Image_047-Image_046 195.39 

7 Image_050-Image_049 195.14 

8 Image_053-Image_052 195.32 

9 Image_056-Image_055 195.32 

10 Image_059-Image_058 195.19 

AVE  = 194.970   = 0.318 BOX = 194.522 – 195.387 

Backward      = 1.932   

Data n. Images used Diff. ( ) 

1 Image_033-Image_032 193.61 

2 Image_036-Image_035 193.46 

3 Image_039-Image_038 193.64 

4 Image_042-Image_041 193.46 

5 Image_045-Image_044 193.77 

6 Image_048-Image_047 193.73 

7 Image_051-Image_050 193.47 

8 Image_054-Image_053 193.38 

9 Image_057-Image_056 193.31 

10 Image_060-Image_059 193.22 

AVE  = 193.506   = 0.170 BOX = 193.220 – 193.771 

Table 2.16. Series of data for short run precision measurement around 135º (point B). The first ten lines concern the pattern where 

the first movement unloads the spring, while the following lines concern the opposite pattern. The jump here is 90 motor-steps, thus 

a theoretical distance of 191.58  . 

Forward      = 2.266   

Data n. Images used Diff. ( ) 

1 Image_062-Image_061 129.85 

2 Image_065-Image_064 129.85 

3 Image_068-Image_067 129.91 

4 Image_071-Image_070 129.81 
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5 Image_074-Image_073 129.83 

6 Image_077-Image_076 130.18 

7 Image_080-Image_079 130.14 

8 Image_083-Image_082 130.10 

9 Image_086-Image_085 130.07 

10 Image_089-Image_088 130.11 

AVE  = 129.984   = 0.139 BOX = 129.808 – 130.180 

Backward      = 0.266   

Data n. Images used Diff. ( ) 

1 Image_063-Image_062 127.95 

2 Image_066-Image_065 128.08 

3 Image_069-Image_068 128.05 

4 Image_072-Image_071 127.95 

5 Image_075-Image_074 127.99 

6 Image_078-Image_077 127.99 

7 Image_081-Image_080 128.02 

8 Image_084-Image_083 127.93 

9 Image_087-Image_086 127.94 

10 Image_090-Image_089 127.97 

AVE  = 127.984   = 0.047 BOX = 127.927 – 128.075 

Table 2.17. Series of data for short run precision measurement around 180º (point C). The first ten lines concern the pattern where 

the first movement unloads the spring, while the following lines concern the opposite pattern. The jump here is 60 motor-steps, thus 

a theoretical distance of 127.72  . 

Forward      = 9.394   

Data n. Images used Diff. ( ) 

1 Image_092-Image_091 162.04 

2 Image_095-Image_094 160.12 

3 Image_098-Image_097 162.04 

4 Image_101-Image_100 163.22 

5 Image_104-Image_103 162.16 

6 Image_107-Image_106 161.46 

7 Image_110-Image_109 160.20 

8 Image_113-Image_112 158.37 

9 Image_116-Image_115 160.72 

10 Image_119-Image_118 159.69 

AVE  = 161.002   = 1.370 BOX = 158.370 – 163.222 

Backward      = 10.261   

Data n. Images used Diff. ( ) 

1 Image_093-Image_092 160.08 

2 Image_096-Image_095 158.20 
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3 Image_099-Image_098 160.11 

4 Image_102-Image_101 161.31 

5 Image_105-Image_104 160.21 

6 Image_108-Image_107 159.56 

7 Image_111-Image_110 160.20 

8 Image_114-Image_113 160.28 

9 Image_117-Image_116 160.33 

10 Image_120-Image_119 160.33 

AVE  = 160.062   = 0.743 BOX = 158.196 – 161.308 

Table 2.18. Series of data for short run precision measurement around 225º (point D). The first ten lines concern the pattern where 

the first movement unloads the spring, while the following lines concern the opposite pattern. The jump here is 80 motor-steps, thus 

a theoretical distance of 170.30  . 

Forward      = 1.577   

Data n. Images used Diff. ( ) 

1 Image_122-Image_121 126.07 

2 Image_125-Image_124 126.07 

3 Image_128-Image_127 126.07 

4 Image_131-Image_130 126.04 

5 Image_134-Image_133 126.06 

6 Image_137-Image_136 127.78 

7 Image_140-Image_139 126.04 

8 Image_143-Image_142 126.04 

9 Image_146-Image_145 126.08 

10 Image_149-Image_148 126.07 

AVE  = 126.233   = 0.517 BOX = 126.039 – 127.782 

Backward      = 1.382   

Data n. Images used Diff. ( ) 

1 Image_123-Image_122 126.23 

2 Image_126-Image_125 126.23 

3 Image_129-Image_128 126.22 

4 Image_132-Image_131 126.20 

5 Image_135-Image_134 126.20 

6 Image_138-Image_137 127.78 

7 Image_141-Image_140 126.31 

8 Image_144-Image_143 126.32 

9 Image_147-Image_146 126.34 

10 Image_150-Image_149 126.35 

AVE  = 126.419   = 0.458 BOX = 126.199 – 127.782 

Table 2.19. Series of data for short run precision measurement around 270º (point E). The first ten lines concern the pattern where 

the first movement unloads the spring, while the following lines concern the opposite pattern. The jump here is 60 motor-steps, thus 

a theoretical distance of 127.72  . 
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This test was repeated at point D in order to check if the problem with the 

statistics was because of any kind of error during the measurement. These results are 

shown in Table 2.20. 

Considering these new results and taking into account the      (1.354   for 

forward images and 0.162   for backward images.), the statistics seem to be also good 

at point D. 

Forward      = 1.354   

Data n. Images used Diff. ( ) 

1 Image_002-Image_001 171.96 

2 Image_005-Image_004 171.94 

3 Image_008-Image_007 171.91 

4 Image_011-Image_010 171.89 

5 Image_014-Image_013 171.96 

6 Image_017-Image_016 171.27 

7 Image_020-Image_019 171.31 

8 Image_023-Image_022 171.32 

9 Image_026-Image_025 171.26 

10 Image_029-Image_028 171.30 

AVE  = 171.611   = 0.321 BOX = 171.256 – 171.961 

Backward      = 0.162   

Data n. Images used Diff. ( ) 

1 Image_003-Image_002 170.08 

2 Image_006-Image_005 170.11 

3 Image_009-Image_008 170.01 

4 Image_012-Image_011 170.10 

5 Image_015-Image_014 170.11 

6 Image_018-Image_017 170.19 

7 Image_021-Image_020 170.18 

8 Image_024-Image_023 170.29 

9 Image_027-Image_026 170.26 

10 Image_030-Image_029 170.22 

AVE  = 170.157   = 0.083 BOX = 170.010 – 170.285 

Table 2.20. Series of data for the repetition of the short run precision measurement around 225º (point D). The first ten lines 

concern the pattern where the first movement unloads the spring, while the following lines concern the opposite pattern. The jump 

here is 80 motor-steps, thus a theoretical distance of 170.30  . 

However, in order to assure the accuracy of these results, the test was again 

performed in the lower (12750 steps) and upper (12850 steps) surroundings of point D. 

These results are shown in Tables 2.21 and 2.22. 
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The results obtained seem to guarantee the accuracy of the final results for point 

D, although the      is a little bit higher than in the other points (between 3.988   and 

5.496  ). 

Forward      = 5.453   

Data n. Images used Diff. ( ) 

1 Image_002-Image_001 176.30 

2 Image_005-Image_004 176.11 

3 Image_008-Image_007 176.18 

4 Image_011-Image_010 176.21 

5 Image_014-Image_013 176.23 

6 Image_017-Image_016 175.29 

7 Image_020-Image_019 175.13 

8 Image_023-Image_022 175.34 

9 Image_026-Image_025 175.20 

10 Image_029-Image_028 175.28 

AVE  = 175.727   = 0.482 BOX = 175.135 – 176.296 

Backward      = 3.988   

Data n. Images used Diff. ( ) 

1 Image_003-Image_002 174.17 

2 Image_006-Image_005 174.20 

3 Image_009-Image_008 174.14 

4 Image_012-Image_011 174.28 

5 Image_015-Image_014 174.33 

6 Image_018-Image_017 174.29 

7 Image_021-Image_020 174.29 

8 Image_024-Image_023 174.51 

9 Image_027-Image_026 174.33 

10 Image_030-Image_029 174.29 

AVE  = 174.137   = 0.099 BOX = 174.137 – 174.516 

Table 2.21. Series of data for short run precision measurement around the lower surroundings of point D (corresponding to 12750 

steps). The first ten lines concern the pattern where the first movement unloads the spring, while the following lines concern the 

opposite pattern. The jump here is 80 motor-steps, thus a theoretical distance of 170.30  . 

Forward      = 5.496   

Data n. Images used Diff. ( ) 

1 Image_032-Image_031 174.95 

2 Image_035-Image_034 174.90 

3 Image_038-Image_037 174.87 

4 Image_041-Image_040 175.02 

5 Image_044-Image_043 174.98 

6 Image_047-Image_046 176.50 
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7 Image_050-Image_049 176.51 

8 Image_053-Image_052 176.51 

9 Image_056-Image_055 176.56 

10 Image_059-Image_058 176.54 

AVE  = 175.743   = 0.789 BOX = 174.874 – 176.556 

Backward      = 4.673   

Data n. Images used Diff. ( ) 

1 Image_033-Image_032 174.95 

2 Image_036-Image_035 174.90 

3 Image_039-Image_038 174.87 

4 Image_042-Image_041 175.02 

5 Image_045-Image_044 174.98 

6 Image_048-Image_047 175.05 

7 Image_051-Image_050 174.99 

8 Image_054-Image_053 174.95 

9 Image_057-Image_056 175.03 

10 Image_060-Image_059 174.93 

AVE  = 174.969   = 0.055 BOX = 174.874 – 175.051 

Table 2.22. Series of data for short run precision measurement around the upper surroundings of point D (corresponding to 12850 

steps). The first ten lines concern the pattern where the first movement unloads the spring, while the following lines concern the 

opposite pattern. The jump here is 80 motor-steps, thus a theoretical distance of 170.30  . 

 

Figure 2.9. Repeatability at 90º (5120 steps). 
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Finally, another test was performed in order to check the repeatability at 90º. 

This test consists in bringing the pinhole to several starting positions (0º, 180º, 270º and 

360º) and then back to 90º five times in order to take a picture of the pinhole at 90º. The 

results of this test are shown in Figure 2.9. 

Considering these results, it can be said that the repeatability at 90º is very 

accurate. The results are slightly different when going from 0º to 90º, that might be 

because of the different direction of the movement. 

 



3. Conclusions 

 

3.1. Test 1: Measurements of the torque of the spring preload 
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3. Conclusions 

 

3.1. Test 1: Measurements of the torque of the spring preload 

 

The average torque of the spring preload is well defined and almost linear in its 

working range (90º to 270º) between 1.169 and 3.457     . 

 

 

3.2. Test 2: Identification of the most suitable reference voltage      

 

The most suitable reference voltage      for this prototype is 3  , although any 

voltage between 2.7   and 3   would work. 

 

 

3.3. Test 3: Repeatability of the preload system over 360º range 

 

The repeatability of the preload system over 360º is very good with average 

values of 4.723, 8.954 and 8.057   for the minimum, average and maximum torque, 

respectively. 

 

 

3.4. Test 4: Effective power under different spring preloads 

 

The average effective power consumption is 75.93    with spring preload and 

motor working in favor of the spring torque, 76.94    with spring preload and motor 

working against the spring torque, 75.77    without spring preload and motor 

working in favor of the spring torque and 76.33    without spring preload and motor 

working against the spring torque. 

The effective power consumption is 0.00    in sleep on mode, 74.38    in 

steady state before test 10 and 73.80    in steady state after test 10. 
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When the motor is working either clockwise or counterclockwise with the spring 

preload, the effective power of the system seems to increase with the angle and thus 

with increasing torque of the spring preload. When it is working without the spring 

preload, the results might suggest that the system has a preferred (with less friction) 

direction of rotation (clockwise). 

 

 

3.5. Test 5: Effective power VS torque 

 

The effective power increases with the torque linearly with average values 

between 76.24    at 3.04      and 77.00    at 10.08     . Also, the effective 

power in steady state is 73.79   . 

 

 

3.6. Test 6: Absolute position accuracy 

 

The average absolute difference is 10.47 steps, so the step accuracy of the 

system is included in the error range. However, after the heavy duty test, the average 

absolute difference is 33.69 steps when working against the spring preload and 56.98 

steps when working in favor of the spring preload, so the step accuracy of the system is 

not included in the error range. 

 

 

3.7. Test 7: Heavy duty test 

 

The results for the heavy duty test are very accurate, although there was some 

kind of problem during the test and the microscope had to be moved once. During this 

test, the average temperature of the laboratory was 23.40   , the average temperature of 

the driver was 25.77    and the average temperature of the motor was 25.41   . 

The test for measuring the effective power under different spring preloads was 

only performed this time with the spring preload. Comparing the obtained results with 

the ones before the heavy duty test, the value for the average effective power is higher, 

both clockwise and counterclockwise. When the motor is working in favor of the spring 

preload (clockwise) the effective power is increased 3.42    and when it is working 
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against the spring preload (counterclockwise) the effective power is increased 1.34 

  . 

In this case, when the motor was working clockwise, the effective power of the 

system seems to increase with the angle and thus with increasing torques of the spring 

preload. However, when the motor was working counterclockwise, the effective power 

of the system seems to decrease with the angle and thus with increasing torques of the 

spring preload. 

The results for the precision on short runs test performed after the heavy duty 

test are very accurate, with a      between 0.266   and 3.403  ; except for point D, 

which corresponds to an angle of 225º and has a      of 9.394   for forward images 

and 10.261   for backward images. 

 This test had to be performed again at point D, which corresponds to 225º 

obtaining much better results (     of 1.354   for forward images and 0.162   for 

backward images.). To guarantee the accuracy of the results obtained for point D, the 

test was repeated in the lower (12750 steps) and upper (12850 steps) surroundings of 

that point with positive results (     between 3.988   and 5.496  ), although a little 

bit higher than in the other points. 

The repeatability at 90º was also very accurate (  of 4.362  ), having slightly 

different results when going from 0º to 90º because of the different direction of the 

movement. 
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