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ABSTRACT 

This paper describes an INertially STabilized Rifle where 
a Recurve actuator, constructed from piezoelectric material, is 
used to internially stabilize the barrel assembly of a tactical 
rifle to compensate for the small user-induced disturbances. 
The requirements of this system are discussed and the actuator 
requirements are derived. A prototype Recurve actuator is 
described and the test results reported. Similarly, the power 
electronics needed for INSTAR are discussed. Test results for 
an prototype circuit are given 
 
Keywords: INSTAR, Recurve actuators, piezoelectric, 
switching amplifiers, rifle 

 

1. INTRODUCTION 
Good marksmanship is critical to infantry mission 
effectiveness. In combat there are intense external simulations 
such as incoming fire, loud noises, etc. There is fear of the 
unknown and death, especially with the witnessing of loss of 
life. Unfortunately, the stress generated by all these pressures 
produces detrimental physiological effects. Studies have 
shown that the heart beat of a soldier in combat is around 300 
beats per minute. (In comparison, Olympic athletes during 
competition rarely exceed 200 bpm.) In addition to this, the 

soldiers breathing and muscle jerk increases, significantly 
reducing accuracy. This lost accuracy severely reduces the 
chance of soldier survival, reduces mission effectiveness and 
increases collateral damage and civilian casualties. These 
stressors of combat are well known to the military.   

Various strategies have been developed to mitigate the effects of 
stressors on the soldier. These methods include: a) physical 
conditioning to build-up and maintain gross motor skills, 
physical strength and stamina, b) mental conditioning to better 
enable the soldier to manage the psychological effects and c) 
rigorous marksmanship training including range and simulated 
combat exercises. Currently, all military personnel are trained in 
marksmanship techniques; however, only a few attain the 
performance level of expert due to the extreme fine motor skills 
and physiological control required for such precision shooting. It 
is also well known that no matter the level of training, in 
combat, the accuracy of all shooters significantly degrades. 

In order to improve the soldier’s marksmanship performance in 
combat, a new stabilized rifle system demonstrator is being 
developed. The INertially STabilized Rifle (INSTAR) eliminates 
aiming error sources by stabilizing barrel assembly, effectively 
compensating for the small user induced disturbances. This 
revolutionary gun system will enable improvement in aiming 
and hit performance of all skill levels (expert, sharpshooter, and 
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marksman, etc.) shooters; thereby enabling engagement of 
targets at greater ranges. It will also enable lesser skilled and 
trained shooters to meet mission requirements previously 
assigned to higher skilled/trained personnel. This system will 
lead to greater soldier survivability with less ammunition 
expended, reduced training requirements and warfighting with 
less collateral damage.  

INSTAR represents many engineering challenges that can be 
effectively met using smart structures technology. The 
INSTAR system is being developed for a .308 caliber tactical 
rifle. The only space available for the full actuation system is 
the base and stock and this space is very constrained. 
Furthermore, the increase in weight should be minimal. These 
requirements demand an efficient transfer of energy from the 
power source through the electronics into the actuation 
material and so transformed into displacements of the barrel. 
The energy source (battery) must be small and light to 
minimize the weight for the solider while at the same time the 
system must have an acceptable lifetime. To make matters 
even more challenging, the strokes and forces required of the 
actuator lead to a specific work at the same order of magnitude 
of the smart material before it undergoes any transformation. 
Thus, space and energy cannot be wasted.  

We propose to meet the actuation requirements of INSTAR 
with an innovative active complaint transmission based on 
Recurve topology [1]. In this actuator the transmission 
structure looks like an accordion. The work input is through an 
internal source with piezoelectric material bonded to beam 
elements. The piezoelectric material generates a bender action 
which creates a relative displacement of the ends of the beam 
without any relative rotation of the ends. The active compliant 
transmission is comprised of many Recurve elements affixed 
to this accordion structure. When energized it opens and 
closes like an accordion without constraint or transmission 
losses at the connections. There is a significant amount of 
design flexibility in a Recurve actuator. For example, multiple 
Recurve elements can be connected in series or parallel to 
increase displacement or force of the actuator. Here we show 
that a Recurve actuator can be configured to meet the force-
displacement and space requirements of INSTAR. 

While the energy source is clearly constrained to a low voltage 
battery, the Recurve actuator requires an excitation signal with a 
large peak voltage swing. The first challenge of the power 
electronics is to boost the voltage. Second, the PZT actuators 
operate as capacitive loads for the driving circuit. Hence, they 
require almost zero real power and a large amount of reactive 
power. The drive amplifier must effectively deal with the 
regenerative power from the reactive load to achieve high 
efficiency. Linear power amplifiers can have a good frequency 
response and no voltage noise, but they are usually very bulky 
and have low efficiency because they dissipate the regenerative 
power as heat. Adopting switching technology, the drive 
amplifier can have a higher efficiency because it recycles the 
regenerative power. A driving circuit is described in this paper, 
especially suitable for low input DC bus, high-voltage PZT 
actuators [2]. It is a two-stage circuit, which includes a flyback 
circuit for the first stage and a half-bridge circuit as the second 
stage. Both circuits are switching circuits that use PWM 
technology.  

This paper gives an overview of the INSTAR system. The 
essential components of the INSTAR system are described in 
Section 2 along with the actuator requirements. The Recurve 
actuator is described in Section 3. The power electronics are 
discussed in Section 4. The conclusions are in Section 5. 

2. INSTAR SYSTEM DESCRIPTION 
The goal of INSTAR, is to design the next generation sniper rifle 
that will enable precision shooting even under combat stress. 
The precision shooting is achieved by decoupling the shooter-
induced disturbances from the gun “point of aim” through 
inertially stabilizing the barrel-action-scope assembly relative to 
the stock. The idea is to employ active control of the gun barrel 
to reduce the shooter induced disturbance entering through the 
shooter interaction with the gunstock. This stabilization is 
accomplished by closed loop control of the actuators that are 
embedded in the space between the stock and barrel.  
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Figure 1.  INSTAR System Components 
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The basic components of INSTAR are shown for a .308 
caliber tactical rifle in Figure 1. Novel to this gun is the active 
suspension system with integrated actuators and sensors 
enabling controlled motion of the gun barrel muzzle. The 
critical challenge of this design is that the actuators have to fit 
into the very confining gunstock dimensions. All of the 
electronics including the battery, power amplifiers, signal 
conditioning electronics and microprocessor must be 
contained in the gunstock. To compensate for any additional 
weight from the active stabilization system, the normally 
heavy barrel was exchanged for a lightweight composite 
barrel.  

INSTAR is designed to isolate the barrel point-of-aim from 
shooter-induced ergonomic disturbances such as the beating of 
the heart and breathing. These human functions generally have 
a very low frequency range in the order of 1-10 Hz. Therefore, 
the mechanical specifications can be derived from a static 
analysis and the electronics have to operate close to DC. 
INSTAR will isolate a shooter-induced disturbance from the 
gun barrel point-of-aim for a stationary shooter with a 
disturbance amplitude of 1.5 to 3 silhouettes at the range of 
400 m assuming no wind conditions as shown in Figure 2.  

 

 

Figure 2  Point of Aim Requirements 

From the geometry in Figure 2 and the loading imposed by the 
active suspension, we can derive the load-deflection diagram 
for the actuator as shown in Figure 3.  
 

-V

Dhigh
Deflection (micron)

Force (N)
+V

0V

System Loadline
Slope = Structure Stiffness
          = -Actuator Stiffness

O

Fhigh = 22.5 to 45 N

Flow
   =3 to 6 N

Fpreload

Dpreload

a

b

Fneutral

Factuation

Factuator structure

Dneutral

Dlow

200 to 400-200 to -400

Neutral
Position

 
Figure 3  Actuator Displacement Required 

These specifications correlate into actuator requirements shown 
in Table 1. 

Table 1  Actuator Requirements 
 

Silhou-
ettes 

mrad free 
displace-

ment 

free 
displacement 
(up position) 

blocked 
force (down 

position) 
1.5 0.94 +/- 200 

microns 
22.5 N 3 N 

3 1.88 +/- 400 
microns 

44.5 N 6 N 

 

The size and weight of the actuator should be minimized with an 
upper constraint on the package of 140 mm x 25 mm x 30 mm 
and a maximum weight gain of 2 kg. The actuator must provide 
stroke perpendicular to the 30 mm axis. The actuator must run 
off of a battery. Since the electronic transformer size is a 
function of the voltage, minimization of voltage is desired with a 
maximum voltage constraint of +/- 300 V. When the actuator is 
off, it must rest at the neutral horizontal position so the gun will 
function as a normal gun in case of failure. This precludes the 
use of a DC offset for the actuator. The energy requirements 
dictate that the system needs to be off except when firing. This 
system would be activated just prior to the trigger pull. 

3. ACTUATION SYSTEM 
Key to the stabilization of the barrel is the actuation system. This 
application has severe volume and weight constraints while 
demanding high performance, particularly stroke from the 
piezoelectric material. The stroke requirements immediately 
eliminated stacks and the force requirement eliminated benders. 
The package volume that this actuator must fit into is very 
awkward and makes it difficult to use externally leveraging 
schemes since the translational motion is along the shortest 
direction. Since the gun must move both up and down and be in 
the center position when off, many of the current amplification 
systems that exploit very high energy density materials (such as 
EC98 by EDO Inc.) can’t be utilized due to the single 
directionality and required DC offset. A high displacement, high 
force actuator architecture is required. 

Recurve Architecture Overview 
For this application the Recurve actuator proposed by Ervin and 
Brei [1] is being pursued. As shown in Figure 4(a), the basic 
Recurve building-block element is a straight composite beam 
that includes one or more active layers of piezoelectric material. 
Because of a unique electroding/poling scheme, the active layers 
on either side of the neutral axis strain in the opposite directions 
over each half of the beam. When it is energized, the relative 
displacement of the ends of the beam deflects without any 
relative rotation of the ends. Some energy is stored within the 
structure but all of that energy is recoverable back to the power 
source through two-way high efficiency electronics enabling an 
extended battery life. 
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Figure 4  Fundamental Recurve Internal Transmission 

Operation 

Since Recurve elements produce displacement without 
rotation, they can be efficiently interconnected in series and/or 
parallel to increase deflection and/or force output. These 
multiple beam elements form a distributed array architecture 
called a Recurve transmission as shown in Figure 4(b). When 
they are energized they produce a net “push” and/or “pull” 
motion without constraint and transmission losses as shown in 
Figure 4(c). This architecture increases force and deflection, 
and more importantly allows the stiffness/impedance of the 
actuator to be matched for optimal energy transfer. As Figure 
4 shows, the package shape of the Recurve architecture can 
also be tailored to meet specific packaging requirements for a 
particular application. This design flexibility is extremely 
important for applications requiring compact actuation and 
high performance. This packaging leads to a high work per 
volume actuator. 

Recurve Prototype 
A Recurve actuator was designed and fabricated to meet the 
INSTAR requirements based on an optimization analysis.  For 
the package volume dictated by INSTAR there were hundreds 
of feasible configurations.  A four (4) parallel and fourteen 
(14) series configuration was chosen by exhaustive analysis to 
determine the optimum. This analysis included fabrication 
considerations, voltage considerations, and failure 
mechanisms in addition to the design parameters. PZT5H 
plates were laser machined to the proper size and alternate 
sections repoled for opposite polarity to achieve the unique 

recurve bending motion.  Because of the available off-the-shelf 
thicknesses, two plates were combined to form one recurve 
layer. Flex circuits, ½ oz. copper on 50 micron kapton polyimid 
film, were etched for the electrode pattern and tabs on the edge 
of the circuit provided an external contact point used to connect 
all of the layers in the final assembly. An individual recurve 
element was built up from the piezoelectric layer (2 plates 
bonded together) with the flex circuit electrodes bonded on 
either side of the brass shim with 2-part adhesive (Devcon 
E120HP).  This recurve unit (four in parallel, 1 in series) was 
place in a 70 lb pretension jig during the curing of the epoxy to 
achieve a precompression in each unit for reliability.  To 
combine the elements in series, pairs of these units were joined 
with steel end caps and spacers with cynaoacrylate adhesive 
(Duro QuickGEl).  A wire bus was soldered to the flex circuit 
tab on each layer providing a hot and ground wire to the 
INSTAR system for activation. The resulting prototype is shown 
in Figure 5.  

 

Figure 5  Recurve prototype for INSTAR 

Quasi-Static Experimental Procedure and Results 
The Recurve prototype was experimentally characterized for its 
quasi-static performance. First, the stiffness of the actuator was 
measured, without any applied voltage, by applying a force with 
a force transducer plunger and measuring the displacement with 
a fiber optic probe. To assess the upward elevation motion, a 
voltage was applied to establish a maximum field of 400V/mm 
across each layer of piezoelectric material. First the blocked 
force was measured and then the force transducer probe was 
backed away and the displacement incrementally measured with 
a fiber optic probe to obtain the free deflection. The leads were 
then flipped to give an opposite polarity and the procedure was 
repeated to measure the downward elevation motion. Figure 6 
contains the results of all three tests along with the theoretical 
behavior and the INSTAR system stiffness line.  The overall 
stiffness of the actuator was 61 N/mm, which compared 
favorably to the design value of 61.44 N/mm. For the actuator 
the maximum blocked force was 42 N and the free deflection 
was 966 microns, which exceeded the modeled design. The 
actuator performance line intersects the INSTAR system line at 
the upward elevation of 41 N with a displacement from the 
neutral position of 409 microns. The lower elevation was l2.8 N 
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Figure 6  Quasi-Static Test Results for the Recurve Actuator 

with –385 microns from the neutral position. The lower 
position has less travel and from the slope is much stiffer which 
indicates that the actuator is beginning to bottom-out. 
Deflections in both directions are well within the range of 
specifications set for INSTAR in Table 1. 

4. ELECTRONICS DESCRIPTION 
The second key element in INSTAR is the drive electronics for 
the Recurve actuators. These power electronics must satisfy 
several key criteria. They must fit entirely into the stock of the 
gun. In particular, the power source is constrained to be a low 
voltage battery. Second, they must manage the energy 
consumption such that the system has an acceptable lifetime. 
Third, they must deliver the electrical energy to the actuator in 
the proper form (e.g.. appropriate voltage level).   

A simplified diagram of the power electronic system for 
INSTAR is shown in Figure 7.  
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Figure 7  Block Diagram of the Power Electronics 

A battery is supplying the power. The flyback converter 
generates a high voltage output signal, required by the 

piezoelectric actuator, from the low voltage battery. This 
converter is connected to the amplifier that delivers electrical 
energy to the actuator in response to a command or reference 
signal. Both of these electronic components are based on 
switching technology. This technology insures a high efficiency 
energy transfer between the battery and the piezoelectric 
actuator. In addition, the electronics contain a storage capacitor 
at the input of the switching amplifier. The switching amplifier 
is so configured, that it allows for an energy exchange between 
the piezoelectric actuator and the storage capacitor. This 
configuration boosts the efficiency of the overall system, and 
allows for the extended life of the battery. 

The specifications for the amplifier are drawn from the 
specifications for INSTAR and the specifications imposed by 
the Recurve prototype. The actuator requires a maximum 
voltage of 200 Vp-p and it presents a 12 µF load. The INSTAR 
control system requires the amplifier to have a bandwidth of 10 
Hz.   

A prototype of this amplifier was fabricated as shown in Figure 
8. The details of the design are given by Lindner, et. al [2]. 

 

Figure 8  Prototype of the Power Electronics for INSTAR 
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Given a sinusoidal reference voltage, the output voltage of this 
amplifier is 184 Vp-p sinusoid as shown in Figure 9.   

 

 

Figure 9  Output Voltage of the Amplifier 

The frequency response is flat in the bandwidth of the system 
as shown in Figure 10.   

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60
Frequency (Hz)

G
ai

n 
(d

B
)

 

Figure 10  Frequency Response of the Amplifier 

The measured power losses for a purely capacitive load are 
shown in Figure 11.  These losses may be expected in increase 
slightly with the Recurve actuator because of the mechanical 
losses in the actuator and the losses due to the net work done by 
the actuator. 
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Figure 11  Power Loss 

5. CONCLUSIONS 
This paper described a system for stabilizing the barrel 
assembly of a tactical rifle to compensate for small user-
induced disturbances. The overall system architecture is 
described. The two critical components for feasibility of the 
system, the actuation and power electronic components, are 
discussed. An actuator was fabricated that fits into the available 
space while maintaining the required force and displacement 
specifications. The power electronic drivers were also 
fabricated and tested. It is shown that amplifier meets the 
required electrical specifications.  
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