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ABSTRACT 
 

Developed an on-board-recorder (OBR) to capture both in-bore acceleration and in-flight 
canister expulsion forces for an artillery projectile. The instrumentation recorded on the OBR was fed 
into a model to simulate these forces. The OBR’s space claim was limited to the expulsion cavity of the 
artillery projectile. The OBR was equipped with an analog sensor suite that recorded battery, expulsion 
pressure, high-g in-bore axial accelerometer data, and radial spin data. Utilizing 8 channels of the ADC 
on the DSP, the sensors are recorded into both volatile SRAM and NOR Flash memory. The OBR matched 
both weight and center of gravity of the tactical artillery round. To accomplish this, multiple housing 
materials and potting materials were utilized. The OBR survived multiple shots. The OBR was 
instrumented successfully on 4 rounds, allowing an accurate model and simulation to be created to 
increase design reliability and minimize failures on future designs. 

 
INTRODUCTION 

 
The Precisions Munitions Instrumentation Division – Telemetry Branch was tasked with 

measuring the forces from gun launch through canister expulsion in a 105mm projectile to characterize 
the forces experienced by the canister.  With proper characterization of these forces, better design 
constraints and considerations can be implemented to ensure the canister survives through parachute 
descent until impact.  

Sensor Selection 

The first step in guaranteeing survivability and designing for robustness is to identify the areas 
that the projectile experiences the most significant forces.  These were determined to be the in-bore 
gun launch environment and the fuze function event, where the canister is expelled from the projectile 
and rapidly de-spun by the parachute and strake deployment.  

To properly capture the forces imposed upon the canister, an on-board recorder (OBR) was 
designed to fit inside the cavity.  Leaving the remaining parts of the cartridge assembly identical and 
matching the weight and center of gravity provides an accurate representation of the tactical 
environment. 

Eight total sensors were used to capture the forces experienced by the canister.  A 20k-20k-60k 
triaxial accelerometer was used to capture the high-g acceleration experienced during the gun launch 
and expulsion events.  Additionally, a 10kPSI pressure sensor was used to capture the expulsion force on 
the face of the canister being ejected from the 105mm projectile caused by the ignition of black powder. 
In order to capture the high spin environment, a more indirect approach was needed. Traditionally, spin 
rate can be obtained through either a gyroscope or magnetometer sensor. However, in this application 
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due to a high spin rate of over 300Hz and the location of the sensor suite in a shielded metal canister 
and projectile body, neither sensor was suitable to derive spin. We were able to derive projectile and 
canister spin rate using four low-g radial accelerometers to capture the centripetal acceleration.  Each 
low-g radial accelerometer was kept above 10% of its max limit for resolution purposes to reduce noise 
floor issues.  Using various g-level accelerometers at different distances and concatenation scripts to 
stitch the four spin regions together in post processing, it was possible to gather high resolution spin 
rate data up to 320 Hz. The equations used to derive spin can be found below.  
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Equation 1: Converting centripetal acceleration into angular velocity 

 

In order to convert angular velocity to spin rate, the equation must be divided by 60 to convert 
from revolutions per minute (rpm) to revolutions per second (rps or Hz). Since the sensing element is an 
accelerometer, gs can be substituted in for centripetal acceleration by multiplying gs by the gravitational 
acceleration (gn) of earth. 

𝑆𝑆𝑐𝑐𝑠𝑠𝑎𝑎 (𝐻𝐻𝐻𝐻) =
1 𝑚𝑚𝑠𝑠𝑎𝑎

60 𝑠𝑠𝑐𝑐𝑐𝑐𝑠𝑠
∗ 𝜔𝜔 =

1
60

 �
𝑎𝑎𝑐𝑐 ∗ 3600

4𝜋𝜋2𝑟𝑟
=  �

𝑎𝑎𝑐𝑐 ∗ 3600
4𝜋𝜋2𝑟𝑟 ∗ 3600

=  �
𝑎𝑎𝑐𝑐

4𝜋𝜋2𝑟𝑟
  

 
𝑆𝑆𝑟𝑟𝑆𝑆𝑠𝑠𝑐𝑐𝑠𝑠𝑐𝑐𝑟𝑟𝑐𝑐𝑠𝑠𝑎𝑎𝑠𝑠 𝐺𝐺𝑠𝑠 𝑠𝑠𝑎𝑎 𝑓𝑓𝑠𝑠𝑟𝑟 𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑟𝑟𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑠𝑠 𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐𝑟𝑟𝑎𝑎𝑐𝑐𝑠𝑠𝑠𝑠𝑎𝑎 (𝑎𝑎𝑐𝑐) 𝑣𝑣𝑠𝑠𝑐𝑐𝑠𝑠𝑎𝑎𝑠𝑠: 

  

𝑆𝑆𝑐𝑐𝑠𝑠𝑎𝑎 (𝐻𝐻𝐻𝐻) = �
𝑠𝑠𝑛𝑛 ∗  𝑠𝑠
4𝜋𝜋2𝑟𝑟

 𝑤𝑤𝑠𝑠𝑐𝑐ℎ 𝑠𝑠𝑛𝑛 = 9.80665 
𝑚𝑚
𝑠𝑠2

 

 
𝑊𝑊ℎ𝑐𝑐𝑟𝑟𝑐𝑐 𝑠𝑠 = 𝑚𝑚𝑐𝑐𝑎𝑎𝑠𝑠𝑟𝑟𝑟𝑟𝑐𝑐𝑎𝑎 𝑠𝑠 𝑠𝑠𝑐𝑐𝑣𝑣𝑐𝑐𝑠𝑠 𝑠𝑠𝑓𝑓 𝑠𝑠𝑐𝑐𝑎𝑎𝑠𝑠𝑠𝑠𝑟𝑟 𝑎𝑎𝑎𝑎𝑎𝑎 𝑟𝑟 = 𝑟𝑟𝑎𝑎𝑎𝑎𝑠𝑠𝑟𝑟𝑠𝑠 𝑠𝑠𝑓𝑓 𝑠𝑠𝑐𝑐𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠 𝑐𝑐𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐𝑎𝑎𝑐𝑐 

 

Equation 2: Deriving Spin  

Using the Spin (Hz) formula above and working with a maximum board radius of 0.9”, four radial 
accelerometers were needed to capture the projected spin rate of 300Hz.  The sensors selected and 
corresponding locations are as follows: one 2kg Endevco Model 73 block mounted gauge mounted 
0.1835” off center capturing 320Hz to 110Hz, one 500g & 70g Analog Devices ADXL001 gauge mounted 
0.28” off center capturing 130Hz to 45Hz and 50Hz to 20Hz respectively, and one 35g Analog Devices 
ADXL78 gauge mounted 0.79” off center capturing 20Hz to 5Hz. Table 1 and Figure 2 below represent 
the spin rate range of each gauge and how they cover the anticipated spin rate range. Note that the 
radii in the table are in inches and must be converted to meters for equations 1 and 2 above. 
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Hz Radius gs  Hz Radius gs  Hz Radius gs  Hz Radius gs 
0 0.1835 0  0 0.28 0  0 0.28 0  0 0.79 0 
5 0.1835 0  5 0.28 1  5 0.28 1  5 0.79 2 

 10 0.1835 2  10 0.28 3  10 0.28 3  10 0.79 8 
15 0.1835 4  15 0.28 6  15 0.28 6  15 0.79 18 
20 0.1835 8  20 0.28 11  20 0.28 11  20 0.79 32 
25 0.1835 12  25 0.28 18  25 0.28 18  25 0.79 51 
30 0.1835 17  30 0.28 26  30 0.28 26  30 0.79 73 
35 0.1835 23  35 0.28 35  35 0.28 35  35 0.79 99 
40 0.1835 30  40 0.28 46  40 0.28 46  40 0.79 129 
45 0.1835 38  45 0.28 58  45 0.28 58  45 0.79 164 
50 0.1835 47  50 0.28 72  50 0.28 72  50 0.79 202 
60 0.1835 68  60 0.28 103  60 0.28 103  60 0.79 291 
70 0.1835 92  70 0.28 140  70 0.28 140  70 0.79 396 
75 0.1835 106  75 0.28 161  75 0.28 161  75 0.79 455 
80 0.1835 120  80 0.28 183  80 0.28 183  80 0.79 517 
85 0.1835 136  85 0.28 207  85 0.28 207  85 0.79 584 
90 0.1835 152  90 0.28 232  90 0.28 232  90 0.79 655 
100 0.1835 188  100 0.28 286  100 0.28 286  100 0.79 808 
110 0.1835 227  110 0.28 347  110 0.28 347  110 0.79 978 
120 0.1835 270  120 0.28 412  120 0.28 412  120 0.79 1164 
130 0.1835 317  130 0.28 484  130 0.28 484  130 0.79 1366 
140 0.1835 368  140 0.28 561  140 0.28 561  140 0.79 1584 
145 0.1835 395  145 0.28 602  145 0.28 602  145 0.79 1699 
150 0.1835 422  150 0.28 644  150 0.28 644  150 0.79 1818 
160 0.1835 481  160 0.28 733  160 0.28 733  160 0.79 2069 
170 0.1835 543  170 0.28 828  170 0.28 828  170 0.79 2336 
180 0.1835 608  180 0.28 928  180 0.28 928  180 0.79 2618 
190 0.1835 678  190 0.28 1034  190 0.28 1034  190 0.79 2917 
200 0.1835 751  200 0.28 1146  200 0.28 1146  200 0.79 3233 
210 0.1835 828  210 0.28 1263  210 0.28 1263  210 0.79 3564 
220 0.1835 909  220 0.28 1386  220 0.28 1386  220 0.79 3912 
230 0.1835 993  230 0.28 1515  230 0.28 1515  230 0.79 4275 
240 0.1835 1081  240 0.28 1650  240 0.28 1650  240 0.79 4655 
250 0.1835 1173  250 0.28 1790  250 0.28 1790  250 0.79 5051 
260 0.1835 1269  260 0.28 1936  260 0.28 1936  260 0.79 5463 
270 0.1835 1368  270 0.28 2088  270 0.28 2088  270 0.79 5892 
280 0.1835 1472  280 0.28 2246  280 0.28 2246  280 0.79 6336 
290 0.1835 1579  290 0.28 2409  290 0.28 2409  290 0.79 6797 
300 0.1835 1689  300 0.28 2578  300 0.28 2578  300 0.79 7274 
310 0.1835 1804  310 0.28 2753   310 0.28 2753   310 0.79 7767 
320 0.1835 1922  320 0.28 2933   320 0.28 2933   320 0.79 8276 
330 0.1835 2044  330 0.28 3119  330 0.28 3119  330 0.79 8801 
340 0.1835 2170  340 0.28 3311  340 0.28 3311  340 0.79 9342 
2kg (200g at 10% res.)  500g (50g at 10% res.)  70g (7g at 10% res.)  35g (3.5g at 10% res.) 
Endevco 
Model 73  

Analog Devices 
ADXL001  

Analog Devices 
ADXL001  

Analog Devices 
ADXL78 

 

(Resolution key: Red = <5% or >100% / Yellow = 5% to 10% / Green = 10% to 100%) 

Table 1: Spin Rate Table Distances and Calculated gs  
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Figure 2: Spin Rate Range according to Gauge 

Design Considerations 

A two cup design approach was executed to make as much of the OBR reusable as possible for 
multiple shots.  The front cup, which is exposed to the black powder expulsion event and may be 
damaged by the ground impact event, is replaceable and only contains the pressure sensor and primary 
battery stack. The reusable rear cup houses three printed circuit boards (PCB) containing all the digital 
circuitry, memory, signal conditioning, accelerometers, and data hold batteries. The two cups are 
represented in Figure 3 and are connected using MDM micro-d connectors. 

 

 

Figure 3: Two cup OBR housed inside a sleeve and expulsion canister 

In order to record from gun launch to ground impact, the OBR required a minimum record time 
of 80 seconds. To capture the full in-bore event, data needs to be recording prior to gun launch and g-
switch trigger event.  This is accomplished by looping data on the memory chips by continuously 
recording and overwriting data.  Once the g-switch is triggered, the OBR is signaled to fill the memory 
once more minus the predetermined pre-trigger amount. In this application, the pre-trigger was set to 
1% of the total record time of 80 seconds. Therefore, in addition to the 79.2 seconds of data after the g-
switch event, 0.8 seconds of data is recorded from before the g-switch trigger event.   

Memory type was heavily considered and weighed for this application as shown in Table 2.  A 
memory type was needed that was non-volatile in the event of power loss, high density for record 
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duration, and has fast write/erase speeds for pre-trigger data capture. No single memory type had all 
three characteristics. Two memory types were selected to work in conjunction with one another to 
achieve the desired memory characteristics.  Ferroelectric Random Access Memory (FRAM) memory 
possessed both fast write/erase speeds and was non-volatile but has a very small memory size. With 
eight channels of data being sampled at 50 kHz, a memory size of 65Mbytes was needed to record for 
80 seconds.  It would require about 130 4Mbit FRAM chips to reach 80 seconds of record time, making 
FRAM an unviable option for this application.   

It was decided to use a combination of both Static Random Access Memory (SRAM) and Neither 
Agree Nor Disagree (NAND) Flash. Eight SRAM 32Mbit chips were used to capture the full 80 seconds of 
flight time. Due to its high write/erase speeds, the SRAM was able to write and overwrite itself to 
capture the pre-trigger event.  Although the NAND Flash has plenty of memory on a single chip, it lacks 
the write/erase speeds needed to overwrite itself and capture pre-trigger. The chief weakness of NAND 
flash is that it takes a considerable amount of time to overwrite the memory chip due to the need to 
erase the chip first.  After the whole 80 second mission is written in real-time to volatile SRAM memory, 
the SRAM memory is duplicated to non-volatile NAND Flash in the event of a power failure.  Upon OBR 
recovery, data is extracted off of both SRAM (assuming no power failure) and NAND flash 
independently.   

 
Memory Type FRAM SRAM NAND Flash 
Volatility Non-volatile Volatile Non-volatile 
Memory Size (per chip) 4Mbits (.625 seconds) 32Mbits (10 seconds) 8Gbits (1,250 seconds) 
Write/Erase Speed 55ns 55ns 3.5ms 

Table 2: Memory types Pros and Cons 

Due to space claim considerations, the electronic design was split into three PCBs. One PCB was 
dedicated to all digital circuitry including the digital signal processor (DSP), eight SRAM memory chips, 
NAND flash memory, USB First In First Out (FIFO) chip, crystal, and digital power regulation. The digital 
PCB was able to house all these components on one 1.8” diameter PCB by matching SRAM vias from one 
side of the PCB to the other. This allowed the dense Ball Grid Array (BGA) SRAM chip to be mirrored on 
the opposite of the PCB without creating a dead space (Figure 3). 

 

       

Figure 3: Digital PCB top and bottom 
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The remaining two PCBs contain the accelerometers for both high-g in-bore forces and low-g 
radial spin measurements, along with their corresponding signal conditioning and filtering circuits.  
Signal conditioning was implemented on the analog channels by amplifying and offsetting the 
differential inputs, converting it to a single-ended output. Amplification was needed to increase the low 
level gauge output voltage to utilize the full range of the analog-to-digital converter (ADC) on the DSP. 
The offset voltage centers the gauge’s at rest voltage between the 0V and 3V to record both positive 
and negative gauge output.  Due to a sample rate of 50 kHz, a 4-pole active low-pass anti-aliasing filter 
was used to filter out high frequency and Nyquist noise at 1/10 the sample rate at 5 kHz.  

All three PCBs were inserted into the electronics cup and wired together using a “bird-cage” 
design where rigid wires are soldered between PCBs.  The PCBs are wired to a 25 pin MDM connector 
for interfacing with the battery/pressure cup and four coin cell batteries.  The coin cells are auxiliary 
power for memory retention in the event the projectile cannot be recovered immediately and provided 
an additional 26 days of data hold capability.  The cup was encapsulated using a two part epoxy to 
ensure survivability.  Figure 4 below shows the electronics cup before potting. 

 

 

 

Figure 4: Electronics Cup – four coin cells can be seen through the clear 3D printed lid 

 
 
 
Field Test 
 
 Two OBRs were built at Picatinny Arsenal and tested at Yuma Proving Grounds in Yuma, AZ in 
December of 2016.  A total of four shots were successfully fired out of a M119 105mm towed howitzer. 
As designed, the electronics cup was re-used for two shots with the battery/pressure cup being replaced 
between shots.  Table 3 below summarizes the four test events.  In column 4, the axial acceleration is 
integrated once for velocity and again for position for validation purposes.  
     



 
Unclassified – Distribution A 
Approved for public release: distribution unlimited.   7 
 

Shot # 
TM 
S/N 

Batt 
S/N Axial Accelerometer 

Muzzle 
Exit Spin 
Rate (Hz) 

Canister 
De-spin 
Starting 

Rate (Hz) 

Peak 
Expulsion 
Pressure 

(PSI) 

Time from 
launch to 

expulsion (sec)/ 
Fuze set time 

(sec) 

Radar 
Muzzle 
Velocity 

1 1 2-79 12,630g; 461.7m/s; 2.93m 270 188 580.52 35.50696 / 35.5 486.7 m/s 

2 2 2-80 12,344g; 452.9m/s; 2.86m 260 203 744.94 35.50352 / 35.5 486.7 m/s 

3 1 2-81 12,688g; 463.9m/s; 2.91m 244 191 536.31 35.00234 / 35 486.9 m/s 

4 2 2-82 12,550g; 457.5m/s; 2.91m 272 213 650.56 35.0082 / 35 487.35 m/s 

Table 3: Firing Matrix 

The expelled canisters were observed to have parachute deployment and tracked to impact by 
forward observers. Canisters were recovered by demolition crewmen and electronic cups were removed 
from the canister. Data was recovered from both SRAM and NAND Flash memory banks. A comparison 
between the two data sets shows that all data was transferred successfully with no missing bits.  

 

Results 

Figures 5 through 11 represent the data collected from shot number one. Figure 5 shows a 
general overview of the shot with figures 6 through 11 focusing in on specific areas and events 
experienced by the canister. Figure 5 confirms the fuze function time of 35.5 seconds measuring the 
time between the axial acceleration (blue) peak around 1.5 seconds and the expulsion pressure (red) 
peak at 37 seconds. The spin profile can also be observed, shown here by the green line.    

 

Figure 5: Shot Overview 
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Zooming in on the in-bore acceleration data in figure 6, we observed a peak axial acceleration of 
12,630 gs. There is a small amount of balloting shown on the radial accelerometers. The negative offset 
observed on the radial channels after gun launch can be attributed to the centripetal acceleration due to 
spin.  

 

Figure 6: High-g In-bore acceleration 

 

Figure 7 graphs axial acceleration again but goes a step further in our data reduction process by 
deriving both velocity and position from axial acceleration. This is used as a way of verifying our sensors 
by comparing the velocity against radar muzzle velocity and position to gun tube length. 

 

Figure 7: Velocity and Position Integrated from Axial Acceleration 
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The expulsion of the canister from the 105mm projectile, shown in figure 8, is caused by the 
fuze igniting the black powder charge that sits above the canister.  The small change in the Axial Z 
acceleration around 37.175 seconds represents the fuze function.   One hundredth of a second later, we 
can observe the expulsion pressure (~500 PSI) on the face of the canister and a negative acceleration 
(~1500 g) as the canister is pushed out the rear of the projectile. 

 

Figure 8: Expulsion Event 

Immediately following the canister expulsion from the rear of the projectile, a rapid decrease in 
spin rate is experienced by the canister. This decrease is caused by the drag induced by four strakes 
attached to the canister that deploy upon expulsion.   Figure 9 overlaps all four radial accelerometers 
after they are converted from gs to Hz. The 500g, 70g, and 35g gauges are railed at their maximum spin 
rate until the spin rate falls within their designed range.  It can be shown here that all 4 gauges track on 
top of one another with various degrees of noise.  The 2kg gauge (blue) gets noisier as it de-spins to 
below its desired resolution (110Hz) while the 35g gauge (black) is cleaner at those spin rates. 

 

Figure 9: Canister De-Spin 
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 Figure 10 shows a concatenation of the 4 radial accelerometers. This concatenation is 
performed by extracting each designated spin region for each accelerometer and splicing them 
together.  This method provides the clearest representation of spin rate across the entire shot profile.   

 

Figure 10: Concatenation of low-g radial accelerometers 

Conclusion 

The high speed 105mm OBR was successful in characterizing the forces seen by the canister of 
the 105mm projectile.  The OBR was capable of accurately capturing setback, set-forward, expulsion, 
and de-spin forces across the canister’s flight duration.  This is the first time the forces experienced by 
the canister have been quantified, allowing the validity and accuracy of previous modeling and 
simulation flight profiles. Confidence and refining the model will assists the program integrated product 
team (IPT) to better understand the projectile by having the engineering data to replace earlier “rules of 
thumb”. The data captured challenges traditional engineering assumptions of the load seen by the 
canister.  Furthermore, for future applications, the OBR may be implemented on 81mm or larger caliber 
munitions.  This closes the current capability gap on understanding payload dynamics. 

 

 


