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The DebriSat project was created surrounding the DebriSat Laboratory Hypervelocity Impact Test (HVI) with the 

need to help NASA and the DoD generate an updated orbital debris model. The DebriSat test article was designed to 

be representative of a modern-day LEO satellite and destroyed in the HVI test chamber lined with foam panels. The 

DebriSat fragments and foam paneling remaining in the chamber after impact were collected and transported to the 

University of Florida to extract the satellite debris from the panels and to characterize the debris. During 

characterization fragments are individually assessed for material, mass measurement, and size measurement. 

Fragment material assessment is qualitative, but the remaining measurements taken are calculations generated by 
DebriSat mass and imaging systems. These sub-systems are operated by a changing group of various student 

technicians whom undergo extensive training. To ensure quality data and system operation a series of modified 

Gage Repeatability and Reproducibility testing methods were created and implemented. This paper looks at the 

testing methods in place to ensure quality quantitative data amongst ever-changing technicians.  

1 BACKGROUND  

There are three major tasks associated with the post-HVI processing of DebriSat fragments: detection, extraction, 

and characterization. Each task and its associated sub-tasks and activities are shown in (Fig. 1) with the procedures 

for each of these tasks and sub-tasks developed with the operators (technicians) in mind. To facilitate (i) the large 

volume of fragments generated from the laboratory HVI test and (ii) a team of student technicians with a high 

turnover rate, rigorous operational processes and procedures were developed and implemented. 

As of September 2019, 203,000 fragments have been collected from DebriSat, a greater than twofold increase of the 
predicted 85,000 fragments. Each of these collected debris are catalogued and individually characterized through a 

series of assessments, measurements, and calculations (Fig. 1). Of the fragments collected to date, 41,303 (20%) 

have completed the characterization process – meaning each of these fragments have individually been assessed as 

2D (Z dimension < 3 mm) or assessed as 3D (Z dimension > 3 mm), been assigned material(s), been assigned a 

shape, undergone mass measurement, and completed size calculations (Fig. 2). To uphold high data standards, this 

equipment must always be functioning as intended. Thus, the conducted Gage Repeatability and Reproducibility test 

analyzes these systems on a regular basis through testing of the fragments that have completed characterization.   

DebriSat technicians, whom conduct all characterization data for the project, are all students at the University of 

Florida. During a given calendar year the total number of technicians and the number of experienced technicians can 

fluctuate three times – once per each academic semester. Along with this number fluctuation, comes a knowledge 

gap. To account for this, all procedures have been developed with an ever-changing group of technicians in mind. 

However, to ensure this is a valid statement the Gage Repeatability and Reproducibility method chosen also 

analyzes procedure independence.  

Given the quantity of DebriSat fragments collected and characterized to date amongst an ever-changing group of 

technicians - quality assurance is vital for providing accurate data. The integrity of the data recorded for each 

fragment is reliant on the DebriSat Gage Repeatability and Reproducibility testing method – meaning these tests 

must be consistently conducted to ensure accuracy.  
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Fig. 1. DebriSat post-HVI process 

 

Fig. 2. 2D and 3D fragments that have completed characterization through September 2019   

2 TESTING METHOD 

The chosen form of Gage Repeatability and Reproducibility is the expanded testing method, which is non-

destructive [1]. The collected Gage Repeatability and Reproducibility test data is input in Minitab software – which 

uses a linear approach for each variable being analyzed. It is important for DebriSat fragments to remain intact 

throughout testing, so that these fragments can continue onward to final verification. Thus, non-destructive methods 
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are used which minimize technician-to-fragment contact in effort to decrease the chances of damage occurring 

during testing.  

2.1 Gage Repeatability and Reproducibility Test 

The Gage Repeatability and Reproducibility (Gage R&R) test itself, is a commonly used tool for quantifying the 

amount of variation in a measurement system and the sources of the variations [1,2,3]. To deem a measurement 
system acceptable, the total variation must be below 10% and for conditional acceptance below 30%. The 

measurement system is unacceptable when the total variation is greater than 30%.  

The components that effect variability are repeatability and reproducibility. Repeatability is an indicator for 

variability from the equipment; in the current case this includes a series of mass balances and the 2D imaging 

systems. Reproducibility is an indicator to whether the characterization processes and procedures carried out by 

technicians are good. The total Gage R&R is computed as the root-mean-square of the repeatability and 

reproducibility. The analysis of these varying factors is important for showing the procedures are developed in a 

way that can be utilized by any operator. As such, Gage R&R tests are conducted for every 1,000 2D fragments (Z 

dimension < 3 mm) and 500 3D fragments (Z dimension > 3 mm) that complete characterization to ensure integrity 

of data. The study utilizes Minitab software [3] to compare measurements taken during the testing to the original 

database entry.  

To carry out the Gage R&R test, three technicians with characterization experience along with five fragments are 
randomly selected. The assessment steps of characterization are not included in the study because the assessment 

data are qualitative with no equipment used. The test starts with mass measurement on selected mass balances and 

concludes with size measurement on the selected imaging systems. First, each of the technicians takes the mass of 

five fragments at random with each mass balance. For each fragment, the mass measurements taken by the 

technicians and the mass measurement stored in the DCS database are analyzed. Next, the same five fragments are 

imaged on the selected imaging systems to measure the fragment sizes. For each fragment, the size measurements 

taken by the technicians and the size measurement stored in the DCS database are compared. All the data from mass 

measurement and size measurement are then analyzed using Minitab’s expanded Gage R&R tool. 

 

2.2 Previous Versus Current Testing Method 

The DebriSat Gage R&R has undergone a single procedural change over the last four years, to benefit the data 
analysis process. This procedural change was deemed necessary following the first set of Gage R&R testing in 2016. 

During this test, Gage R&R Method 1 was used – which consisted of taking a single set of measurements for each 

equipment used in the characterization process and averaging the results together (Fig. 3). The results from this test 

showed that the systems and the processes were overall acceptable, with a slightly elevated percentage of variation 

for the mass system. Given that the measurements for this test were averaged between the mass balances used, rather 

than examining the variations independently, identifying the source of variation was increasingly difficult. To 

eliminate this issue moving forward, the testing method was altered to require a set of measurements be taken on 

each piece of equipment, and these pieces of equipment analyzed for variation sources independent of each other – 

this revised method became known as Method 2 (Fig. 4). Furthermore, to prevent inaccurate data from proceeding to 

verification – where a fragments information is locked into the DebriSat database for no further editing, the Gage 

R&R process was moved prior to fragment verification and performed after every 1,000 2D fragments or 500 3D 

fragments have been characterized. From 2016-2017 carbon fiber reinforced polymer (CFRP) fragments and 
fragments down to 2 mm in size were used for testing (Fig. 5). This was due to CFRP fragments being the primary 

focus by which procedures were developed, of these earlier years. Upon implementation of procedures for non-

CFRP materials [4], procedures for fragments containing multiple materials [5], and a changed focus to be on 

fragments > 10 mm in size - Gage R&R tests are now conducted on these larger fragments of varying shapes, 

materials, and material combinations to ensure DebriSat procedures and equipment are effective across the board. 

While this change has been beneficial in determining instances of individual equipment error, it has also resulted in 

an increased time taken for the Gage R&R tests (Table 1). While the change in procedure has resulted in an increase 

in time taken, the quality of the data produced and the preserved integrity of the DebriSat fragments is priority.  
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               Fig. 3. DebriSat Gage R&R Method 1                                                  Fig. 4. DebriSat Gage R&R Method 2  

 

   

Fig. 5. Fragments used during the August 2019 Gage R&R test (left) and December 2016 Gage R&R test (right)  

 

Table 1: Total testing time for Method 1 (2016-2018) and Method 2 (2018-2019) 

  Average Time per Test (hours)  

 2018-2019 2016-2018 

2D Mass Measurement  5.5 4.4 

3D Mass Measurement  5.1  - 

Size Measurement (2D)  6.9  5.4 

Size Measurement (3D)  7.5 -  

 

 

2.3 Mass Measurement  

Mass measurement Gage R&R testing follows the same procedure used for data collection during this step in the 

characterization process. Generally, mass measurement data is taken, following a fragments individual assessment, 

on the appropriate balance dependent on the fragments individual size and weight. DebriSat has a series of mass 

balances for collecting this characterization data: BM-22, PGL 203, CY-510, and CY-3102 – all of which have been 

tested through the DebriSat Gage R&R Method 2. These six balances were selected for DebriSat based on their 

readability, sensitivity, and maximum capacity (Table 2). During the mass measurement Gage R&R, the two mass 

balances chosen must also be the source from which the fragments original mass data was collected. Test results are 

dependent on the fragments recorded mass measurement entry and which system that measurement was acquired on. 
During the analysis phase of the testing, Technician 4 is this pre-recorded database entry – which is compared to the 

Gage R&R testing entries. During the mass measurement test, temperature and humidity data are also collected, 

simultaneously, and compared to determine if the source of variation was due to atmospheric changes. The testing 
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itself, requires the use of three operators total, two operators massing at a single time, to measure the selected 

fragments. After one of the two starting operators have completed massing the fragments, the third operator steps in 

to start testing. This process takes an average of 5.5 hours for 2D fragments and 5 hours for 3D fragments to 

complete. The increased time for 2D fragments is due to the higher sensitivity of the smaller mass balances, 

typically used for the 2D fragments.  

Table 2: Mass balances capacity and readability 

 Capacity (g) Readability (g) 

µ1 & µ2 (BM-22) 5.0 0.000001 

Medium (PGL 203) 200.0 0.001 

Large (CY-510) 510.0 0.001 

X-Large (CY-3102) 3100.0 0.01 

 

2.4 Size Measurement   

Size measurement Gage R&R testing – just as with the mass measurement Gage R&R testing, follows the same 

procedure used for data collection as during the characterization process; size measurements for each fragment are 

taken following mass measurement. A fragment proceeding to size measurement during characterization has been 
assessed as either 2D or 3D and proceeds forward for measurements on the appropriate imaging system. The two 2D 

imaging systems each contain a single camera with front and back lighting to measure the 3 longest orthogonal 

dimensions and a right-angle prism mirror to measure the height of the fragment (Fig. 6). The 2D imagers were first 

brought online during 2016 and first tested after the implementation of the Gage R&R process during May 2017. 

The newly developed 2D XL imaging system is a larger scale of the two standard 2D imagers and will be used to 

measure 2D fragments with a large surface, exceeding the base size of the current 2D imager, once verification of 

this system is complete. The 3D imaging system is composed of 6 cameras distributed evenly along a vertical arc 

placed about a rotating turntable (Fig. 6) which together construct a 3D representation of each fragment using space 

carving [4]. The 3D imaging system was first brought online and tested during 2018. For all imaging systems, 

images and measurements are uploaded to the database. For the Gage R&R testing of both size measurement 

systems the X dimension, Y dimension, Z dimension, and Characteristic Length (LC) of the fragment is measured 

and compared to the original database entry (Technician 4). For the purpose of calculations, the X dimension is 
defined as the largest dimension of a fragment, Y is the second largest dimension that is orthogonal to the first and Z 

is the third largest dimension (Fig. 7). Characteristic length is defined as the average of all three dimensions of a 

fragment; X, Y and Z. During the Gage R&R imaging session, each operator will use a single glass boat to be placed 

at each of the two 2D imagers rather than using one glass boat per imager. This alteration to the Gage R&R size 

measurement process was made during October 2019, to alleviate the amount of direct handling each fragment 

undergoes during the tests. 

     

Fig. 6. 3D imaging system (left) and 2D imaging system (right) 
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                                                                   Fig. 7. Fragment size dimensions  

3 RESULTS  

Following the completion of Gage R&R testing and data input, the results are analyzed through Minitab. The total 

variation is scaled based on acceptable results (< 10%) or conditionally acceptable results (10-30%). For the purpose 

of DebriSat any variation > 10% is considered unacceptable and cause for further investigation. To date, 21 Gage 

R&R tests have been conducted on the mass balances, 18 Gage R&R tests conducted on the 2D imaging system, and 

one Gage R&R test conducted on the 3D imaging system. The 3D imaging system tests will resume once software 

and hardware improvements have concluded.  

3.1 Mass Balance Results  

The mass balance testing begin in 2016, with the microbalances. During the 2016-2017 timeframe, the focus was on 
CFRP fragments down to 2 mm in size, resulting in the microbalances being the sole form of mass measurement 

during this period. During 2018, with the implementation of 3D characterization procedures, two tests were 

conducted on the microbalances and two on the the Medium balance. Over the last year, with a focus on larger 

fragments (i.e., fragments > 10 mm) three tests were conducted to include the Large and X-Large balances. The 

mass measurement of the fragments selected for these tests were compared by technician and individual 

measurements, which were in turn compared to the original database entry (Technician 4) (Fig. 8). Over the past 

four years, all mass measurement variations retrieved from the DebriSat mass balances have fallen within the 

acceptable range for the project (i.e. within 10%) (Table 3).  

 

Fig. 8. Mass measurement variation as of 09/01/2019 

Table 3: Average variance for each mass measurement system from 09/01/2016 to 09/01/2019 

 Average GRR%  

 FY16 FY17 FY18  FY19 

µ1 & µ2 (BM-22) 7.9 5.5 2.0 0.33 

Medium (PGL 203) - - 2.8 1.4 

Large (CY-510) - - - 1.8 

X-Large (CY-3102) - - - 0.92 
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3.2 2D Imaging Systems Results  

The 2D size measurement testing begin in 2016, with a single test on 2D Imager 1, the only imaging system at the 

time (Table 4). A second 2D imager (2D Imager 2) was added for 2D size measurement during 2017, resulting in 

four Gage R&R tests being conducted that year; however, the tests were conducted using Method 1 – averaging the 

system variations under single measurement constraints (Table 5). During 2018, Method 2 of the Gage R&R testing 
was implemented to focus on individual pieces of equipment rather that averaging across the measurement systems; 

six tests were performed during 2018 using only metal fragments. During 2019, both 2D Imager 1 and 2D Imager 2 

went through eight testing sessions. Of the eight testing sessions, two were conducted with metal fragments, four 

were conducted with epoxy fragments, and two were conducted with kapton tape fragments – all fragments were > 

10 mm in size. The results are shown in Fig. 9 (X Dimension), Fig. 10 (Y Dimension), Fig. 11 (Z Dimension), Fig. 

12 (characteristic length). Over the past two years, when analysis for the individual 2D imagers became possible 

through Method 2, the average measurement variations for Imager 1 and Imager 2 have both been within acceptable 

range (i.e., within 10%).  

 

             

   Fig. 9. X Dimension variation for Imager 1 as of 10/01/2019        Fig. 10. Y Dimension variation for Imager 1 as of 10/01/2019  

                

Fig. 11. Z Dimension variation for Imager 1 as of 10/01/2019           Fig. 12. LC variation for Imager 1 as of 10/01/2019 

 

Table 4: Average variance for 2D Imager 1 from 10/01/2016 to 10/01/2019 

                                                                 2D Imager 1 Average GRR%  

 FY16 FY17 FY18  FY19 

X Dimension 10.02 8.39 4.14 3.59 

Y Dimension 8.13 
4.36 4.27 4.02 

Z Dimension 9.98 
9.43 8.39 7.52 

LC - - - 8.48 
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Table 5: Average variance for 2D Imager 2 from 10/01/2016 to 10/01/2019 

                                                         2D Imager 2 Average GRR%  

 FY16 FY17 FY18  FY19 

X Dimension - 8.39 7.49 4.80 

Y Dimension - 4.36 7.12 5.19 

Z Dimension - 9.43 9.43 8.02 

LC - - - 7.98 

 

3.3 3D Imaging Systems Results  

The 3D size measurement begin in 2018, however, sufficient fragments were not processed to warrant Gage R&R 

testing. After achieveing the 500 3D fragments characterized threshold in 2019, the 3D imaging system went 

through its first Gage R&R test. The fragments used for testing were all composed of metal and > 10 mm in size. 

The resulting variation for this test (Table 6) fell outside the acceptable range (< 10%), which prompted further 

investigation into the source of the variance. For the DebriSat project, all equipment is expected to perform within 

the acceptable range at all times. While the results did proove the system was not operating as intended, they also 

provided a foundation for software and hardware updates to drastically improve the system and maintain data 

integrity for 3D fragments [6]. These updates are ongoing and Gage R&R testing will resume once the updated 3D 

imaging system has been verified.  

 

Table 6: Average variance for the 3D imager as of 10/01/2018 – prior to system updates 

 3D Imager GRR% 

X Dimension 13.9 

Y Dimension 15.7 

Z Dimension 22.8 

LC 21.2 

 

4 Conclusion and Future Work 

During the period of performance, several lessons were learnt, and all have resulted in developments to improve the 

Gage R&R process used for DebriSat. Furthermore, the procedures have been updated to lessen direct handling of 

fragments used during the testing for the 2D imaging system.  

 

The focus for the last year has been to focus on testing of larger fragments (i.e., fragments > 10 mm) of various 

materials, decrease direct handling, and decrease overall testing times. Additionally, procedures were developed for 

conducting Gage R&R tests on the newly implemented larger mass balances.  

 

Moving forward the Gage R&R test will continue to be conducted for every 1,000 2D fragments characterized and 

500 3D fragments characterized rather than verified along with results presented individually for each mass balance 

and imager station. This updated procedure ensures that our equipment and procedures are operating efficiently prior 

to permanently locking individual fragments into the database. Additionally, tests will be conducted which include 
the updated 3D imaging system and 2D XL imaging system upon completion of hardware and software updates [6].    
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