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1    ABSTRACT 
 
 
The purpose of intended study is to research, design, and analyze an effective six-axis, single-

strut towing dynamometer for use in the 120-foot towing-tank at the United States Naval 

Academy Hydromechanics Laboratory (NAHL).  A towing dynamometer serves to resolve the 

basic forces and moments of ship motion, including surge, sway, heave, roll, pitch, and yaw.  

Currently, analysis of submerged hull-forms is greatly hindered by existing experimental testing 

devices: the common double-strut method is excruciatingly complex and any aft-mounted 

devices (“stings”) significantly alter the flow around the given body.  Ultimately, a well-

designed, easily calibrated, single-strut towing dynamometer would quickly provide information 

about the desired experimental parameters (six degrees-of-freedom) of ship motion.  

Simultaneously, such a system would facilitate effective testing of submerged bodies, high-

performance hull-forms, and a multitude of other entities.  This report serves to formally detail 

the progress of all research efforts conducted within two concurrent semesters of study. 

 
 
2    INTRODUCTION 
 
 
The United States Naval Academy Hydromechanics Laboratory (NAHL) provides a 

comprehensive venue for the analysis of various ship and submersible models.  Though ship 

models may be analyzed by a variety of modern methodologies (including the use of advanced 

computer software), actual towing-tank experimentation continues to provide the most accurate 

and extensive means by which the design of these models can be thoroughly investigated.  As 

such, a complete understanding of experimental instrumentation and evaluative techniques is a 

fundamental requisite for all practicing naval architects. 

 

Nevertheless, a significant degree of creativity prevails within towing-tank experimentation to 

successfully adapt a precision instrument to the analysis of a specific ship or submersible model.  

Though the NAHL has developed numerous means by which to test “traditional” displacement 

hull-forms, the instrumentation required to analyze submersible (submarine) models remains 

difficult to operate and mechanically complex.  Historically, submarine models have been tested 

via two methodologies: a double-strut construction or a “sting” system.  The double-strut 
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assembly effectively supports the various forces and moments acting on the submerged body, but 

the resolution of experimental data from this setup requires extensive calibration and 

mathematical analysis.  The “sting” system, a strut mounted through the aft-end of the 

submarine, provides a less complex apparatus, but the presence of this system compromises the 

experimental resistance data for the entire submerged hull-form [Beaver, 2007].  Ultimately, for 

the NAHL to serve as a research venue with the capacity to successfully test submersible 

designs, more robust (and less obstructive) experimental instrumentation must be developed. 

 

Thus, the purpose of this research project is to design, manufacture, integrate, and analyze an 

effective six-axis, single-strut towing dynamometer for use in the 120-foot towing-tank.  A 

single-strut design, consisting of a low-resistance member (mounted through the hull of the 

submarine) and a de-coupled force measurement apparatus (contained within the submerged 

hull-form), offers the ideal means by which to test an underwater body.  As ship motion is 

measured by six parameters (surge, sway, heave, roll, pitch, and yaw), the apparatus must be of 

sufficient capacity to resolve force and moment values for each degree-of-freedom.  

Additionally, from a structural perspective, the entire system must be designed to support these 

forces and moments without significant deflection (or mechanical failure).  Ultimately, if a 

successful dynamometer design is constructed for the 120-foot towing-tank, a “scaled” version 

may be designed and manufactured for future experimentation in the 380-foot towing-tank. 

 
 
3    BACKGROUND 
 
 
As stated, ship motion is defined by six degrees-of-freedom.  Translational motions are labeled 

as surge, sway, and heave.  Rotational motions are labeled as roll, pitch, and yaw.  Figure 1 

depicts all degrees-of-freedom relative to the predefined coordinate axes of motion. 
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Figure 1.  Diagram of Basic Ship Motions [Gillmer and Johnson, 1982] 
 

For a submerged submarine, these degrees-of-freedom arise as a result of body orientation, hull-

form configuration, and control-surface manipulation.  The standard “teardrop” shape of a 

submarine acts as a hydrofoil, producing unique lift and drag characteristics.  Similarly, the 

presence of a sail serves to induce unique force and moment values resulting from the 

hydrodynamic nature of such an appendage.   

 

However, unless the submarine is tested under bare-hull conditions, integrated control-surfaces 

serve as the primary sources of induced ship motions.  In addition to traditional vertical rudders, 

submarines feature a variety of hydroplanes, control-surfaces that “behave in the manner of a 

horizontal rudder” [Molland and Turnock, 2007].  Figure 2 provides a typical hydroplane 

configuration for a submarine, depicting both sail-planes and bow-planes. 

 

 
 

Figure 2.  Typical Hydroplane Configuration for a Submarine [Molland and Turnock, 2007] 
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Accordingly, as the submarine model travels through the towing-tank, lift and drag forces are 

developed for a specific angle-of-attack.  Traditionally, these control-surfaces are designed from 

preexisting NACA sections, allowing for accurate characterization of various force coefficients.  

Figure 3 details the basic development of these induced forces, as a function of fluid stream 

velocity and the angle-of-incidence. 

 

 
 

Figure 3.  Development of Basic Forces Acting on a Control-Surface [Molland and Turnock, 2007] 
 

While the actual design of submarine control-surfaces exists as an area of research beyond the 

context of this paper, the inclusion of these surfaces on a submerged hull-form drives the 

development of a six-axis system.  As envisioned, submarine model testing in the 120-foot 

towing-tank will serve to investigate the effects of various rudder and hydroplane angles.  

Similarly, these control-surfaces will serve to induce various roll, pitch, and yaw moments, 

thereby allowing for a greater understanding of submarine maneuverability in a given seaway. 

 

Consequently, a basic towing dynamometer design serves to simultaneously measure forces and 

moments for multiple degrees-of-freedom.  For traditional ship model testing, surge, heave, and 

pitch measurements represent the most commonly investigated dimensions of ship motion.  As 
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such, a wide variety of published literature and institutional knowledge exists to support the 

development of a three-axis towing dynamometer design. 

 

However, as previously discussed, a six-axis design is necessary to facilitate the expectedly 

diverse range of submarine model tests.  Undoubtedly, this design must feature a means to 

provide high-resolution surge data, as these values allow for the effective determination of model 

resistance.  Ultimately, these resistance values are converted to corresponding horsepower 

values, allowing for the selection of an appropriate propulsive system for a given submarine 

design. 

 

Given the specified design criteria for high-resolution surge measurements, applicability to six 

degrees-of-freedom, and the potential for integration into a submerged submarine model, 

previous research efforts focused on the identification of pre-existing towing dynamometer 

designs.  Two potentially feasible designs were identified: a cylindrical load-cell developed at 

Sandia National Laboratory (SNL) and a six-component wind-tunnel balance developed at 

Wayne State University (WSU).  Thus, for the purposes of this research project, subsequent 

design efforts focused on the adaptation, modification, and analysis of these existing systems. 

 

As developed, the cylindrical load-cell incorporates numerous mechanical strain-gauges to 

measure all six degrees-of-freedom.  Feasibly, “as little as six strain gauges can be used to 

determine all six load components” [Spletzer and Marron, 2000].  Initially developed for small-

scale robotic applications, this system applies the fundamental concepts of matrix-based 

mathematics and full-bridge electrical circuitry to provide all desired force and moment values.  

Ultimately, load discrimination results from “the closed form elasticity solution to an end-loaded 

prismatic section, gauge angle selections to separate shear strain from axial strain, and classical 

gauge combinations of full-bridge configurations” [Spletzer and Marron, 2000].  Figure 4 

provides a basic diagram of the proposed load-cell design. 
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Figure 4.  Diagram of Cylindrical Load-Cell Developed at SNL [Spletzer, 1998] 

 

The wind-tunnel balance developed at WSU incorporates a variety of flexures and internal 

members to successfully isolate the desired components of motion.  Designed to support 

aerodynamic testing for airfoil sections, this system also incorporates mechanical strain-gauges 

and multiple full-bridge circuit configurations to measure corresponding force and moment 

values.  A diagram of this system is provided as Figure 5. 

 

 
 

Figure 5.  Basic Arrangement of WSU Six-Component Balance [Perry and Lissner, 1962] 
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As evidenced, traditional mechanical strain gauges serve as the basic measurement device for 

each proposed towing dynamometer system.  Though previous research efforts also considered 

optical strain-gauges, including advanced Fiber-Bragg grating (FBG) sensors, the high-expense 

and limited knowledge of such technology further supports the integration of these more 

common wire gauges [Mendoza]. 

 

Accordingly, conventional strain-gauge theory applies to each dynamometer design and all 

corresponding submarine model tests.  As each specific flexure or structural member is subjected 

to the various degrees-of-ship motion, an elastic deformation or deflection occurs relative to the 

magnitude of the applied force or moment.  This dynamic change results in the transformation of 

the internal resistance of an affixed mechanical strain-gauge, producing a corresponding change 

in the voltage measured by an advanced multimeter.  By wiring these strain-gauges in a variety 

of known electrical configurations, including half-bridge and full-bridge circuits, each coupled 

force and moment can be measured with a significant degree of accuracy.  Given the voluminous 

quantity of information regarding circuit configurations for electrical strain-gauges, this paper 

will not include any detailed discussion of an appropriate circuit design. 

 

Ultimately, the design process for the proposed towing dynamometer system is intended to be 

iterative in nature.  Traditionally, strain-gauge systems are designed for highly-controlled and 

stable environments, such as a manufacturing facility with robotic arms or a wind-tunnel.  

Therefore, for submarine model testing, any proposed design must be extensively ruggedized and 

waterproofed to successfully operate in a challenging underwater test environment.  Subsequent 

design iterations must focus on the development of a robust dynamometer construction that 

facilitates expedited troubleshooting and integrates a variety of commercial, off-the-shelf (CotS) 

technology products. 

 
 
4    OBJECTIVES 
 
 
Given the nature of previous research efforts, the specific intent of this research project is to 

satisfy the following objectives: 
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a. Develop a greater understanding of the forces and moments acting on a submarine model 

within six degrees-of-freedom.  To successfully design a towing dynamometer system, 

the full range of expected hydrodynamic forces and moments must be considered.  Better 

understanding these values will facilitate the fabrication of a system capable of 

supporting appropriate resistance and maneuvering tests in the 120-foot towing-tank. 

 

b. Design a single-strut towing dynamometer by considering existing technologies and 

systems.  The successful design of any towing dynamometer system is entirely dependent 

on adaptation of previous research efforts and integration of CotS products.  By avoiding 

a “blank page” design approach, the overall likelihood of success is greatly enhanced and 

future troubleshooting efforts are effectively supported. 

 

c. Optimize the designed towing dynamometer by considering the entire spectrum of 

expected forces and moments on the submerged body.  The magnitude of each 

hydrodynamic force and moment will vary significantly.  As such, these values must be 

closely scrutinized to better optimize the resolution of each internal strain-gauge 

assembly and minimize any expected internal deflections. 

 

d. Complete a feasibility analysis of the final design.  Though a dynamometer system can be 

created in SolidWorks, the fabrication and calibration of a physical prototype will serve 

as the primary means by which to validate the proposed design.  Such calibration efforts 

and subsequent immersive testing will support an accurate determination of both design 

acceptability and overall reliability. 

 
 
5    METHODOLOGY 
 
 
5.1    CYLINDRICAL BEAM PROTOTYPE 
 
As mentioned, previous research efforts focused on the identification of pre-existing 

dynamometer systems.  Via participation in EN482, an independent study course at the United 

States Naval Academy (USNA), the cylindrical load-cell developed at SNL was thoroughly 
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researched, and a corresponding prototype was developed.  The results of such efforts were 

provided as an end-of-semester report forwarded to the Department of Naval Architecture and 

Ocean Engineering [Laun, 2010]. 

 

To evaluate the feasibility of the cylindrical beam prototype, the entire structure was mounted on 

a rotating base to allow for the application of a specific load at various angles.  Four mechanical 

strain-gauges were mounted to the prototype and wired in a traditional half-bridge circuit 

configuration.  Consequently, the cylindrical beam prototype possessed sufficient capacity to 

measure bending moments, as a function of the applied load.  Figure 6 provides a depiction of 

fabricated cylindrical beam prototype. 

 

 
 

Figure 6.  Fabricated Cylindrical Beam Prototype 

 

For basic evaluation, the prototype was oriented in a manner such that two strain-gauges were 

positioned at the neutral-axis of the body and the remaining two strain-gauges were positioned in 

the vertical-axis.  The prototype was tested in a horizontal orientation, such that all applied 

weights were suspended from the eye-hook affixed to the extreme-end of the cylindrical beam.  
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Via basic strain-gauge theory, any applied load results in a proportional change in the internal 

gauge resistance and the measured signal voltage.  As provided in Figure 7, the base of the 

assembly was sufficiently wired to measure the difference between the applied excitation voltage 

(red wire and black wire) and the resulting signal voltage (white wire). 

 

 
 

Figure 7.  Depiction of Strain-Gauge Wiring for the Cylindrical Beam Prototype 

 

A basic MATLAB program was adopted to read and record all voltage values measured by a 

digital multimeter.  Subsequently, these voltage values were entered into Microsoft Excel, and an 

appropriate calibration curve was created to evaluate any existing standard deviation.  The 

cylindrical beam prototype was thoroughly evaluated through a wide range of applied loads and 

angles-of-rotation.  Thereafter, all experimental data was analyzed to assess the feasibility and 

reliability of the proposed system. 

 

5.2    BALANCE-BASED DYNAMOMETER PROTOTYPE 
 

The development of the balance-based dynamometer system involved extensive consideration of 

expected hydrodynamic forces and moments.  Force and moment coefficients, as derived from 

pre-existing submarine model test data, were used to approximate the magnitude of such values.  
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As the proposed dynamometer system was developed for installation within the SUBOFF model 

at the NAHL, coefficient values were derived from previous double-strut towing-tank tests.  The 

bare SUBOFF model was originally developed for DARPA, and a model possessing a scale-ratio 

of 2.30 was constructed for the NAHL [Beaver, 2007].  This model is described by an overall 

length of 75.00 inches and a diameter of 8.68 inches (and is currently optimized to support 

double-strut testing).  Various approximations were calculated for the expected lift and drag 

coefficients resulting from the installation of control-surfaces on the given submarine model.  

The general symmetrical shape of the hull-form was compared to a finite NACA section to 

further approximate the full extent of the forces and moments resulting from experimentation in 

a seaway. 

 

All calculated force and moment values were substituted into corresponding bending-beam 

equations to estimate the range of expected internal deflections.  Subsequently, as depicted in 

Figure 8, a modified balance-based towing dynamometer system was successfully modeled in 

SolidWorks. 

 

 
 

Figure 8.  Balance-Based Towing Dynamometer Prototype 

 

To effectively measure all six-degrees of freedom, a series of commercially-available strain-

gauge assemblies were integrated into the prototype.  As highlighted by a series of colors in 
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Figure 8, four gauges measure yaw-moment (red), two gauge assemblies measure heave-force 

and pitch-moment (yellow), two gauge assemblies measure heave-force and roll-moment, four 

gauge assemblies measure sway-force (green), and four gauge assemblies measure surge-force 

(blue).  Ultimately, via the integration of multiple full-bridge circuit configurations, all six 

degrees-of-freedom are determined as high-resolution voltage outputs. 

 

Though future research efforts will continue to optimize this proposed research design, an 

aluminum prototype will be constructed to conduct basic feasibility testing.  The fabricated 

prototype will be calibrated, and all installed assemblies and internal flexures will be evaluated.  

As provided in Figure 9, a single-strut will be affixed to the top of the proposed system to 

facilitate subsequent testing of the SUBOFF model. 
 

 
 

Figure 9.  Proposed Installation in the SUBOFF Submarine Model 
 

While the proposed balance-based prototype was designed to accommodate a wide range of 

internal flexures, actual model testing is necessary to determine the true extent of such values.  

Internal “stops” will be installed within the dynamometer system to limit deflections resulting 

from unpredicted hydrodynamic forces and moments.  These adjustable “stops” will serve to 

better optimize model testing, thereby protecting all installed mechanical strain-gauges from 

excessive strain.  Ultimately, the integration of these “stops,” the evaluation of internal members, 

and the improvement of resolution for all strain-gauge assemblies will serve as the basis for 

subsequent research efforts. 
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6    ANALYSIS 
 
 
To evaluate the viability of the cylindrical beam prototype, extensive experimentation was 

conducted.  A basic dynamometer calibration procedure was adopted from the methodology used 

to evaluate force-blocks and load-cells at the NAHL.  Various loads were applied to the 

cylindrical prototype in manner that attempted to replicate the forces and moments resulting 

from multiple degrees-of-freedom.  Calibration curves produced with the installed strain-gauges 

suggest that such technology serves as the most efficient and reliable means to provide all 

desired hydrodynamic data.  Figure 10 provides an example of a typical calibration curve yielded 

by experimentation with the fabricated beam assembly. 
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Figure 10.  Typical Calibration Curve for the Cylindrical Beam Prototype 

 

For dynamometer-based ship model testing at the NAHL, a maximum deviation (as a percentage 

of a full-scale value) of less than 0.25% is desirable.  For the installed mechanical strain-gauges, 

applied load values ranged from an unloaded condition (to “zero” all strain-gauges) to no more 

than 150-pounds.  A constant excitation voltage of five-volts was applied throughout the 

calibration process.  Minimal deflection of the aluminum prototype was observed, and all 

calculated deviation values resided within the stated range of desirability. 
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For strain-gauges oriented at the neutral-axis, with the load suspended in such a manner that a 

basic bending-beam was created, a relatively constant voltage value was observed.  The presence 

of this “zero-load” condition at the neutral-axis is supported by bending-beam theory, further 

suggesting that the mechanical strain-gauges were aligned properly on the cylindrical prototype.  

Ultimately, successful calibration curves were created for all four strain-gauge configurations 

mounted on the surface of the assembly. 

 

However, as the base of the assembly was rotated (with a fixed load condition), numerous 

concerns arose.  Via this process, the entire assembly was rotated by 45°, causing the effects of 

the suspended load to be measured by multiple strain-gauges.  Though voltage values remained 

constant through repeated experimentation, further validating the reliability of the affixed strain-

gauges, significant “cross-talk” was observed between each half-bridge configuration.  

Fundamentally, each gauge was simultaneously measuring multiple degrees-of-freedom, but no 

effective procedure could be developed to de-couple each force and moment value using the 

existing bridge setup.  Furthermore, as this “cross-talk” increased, the resolution of experimental 

voltage measurements decreased significantly, greatly increasing all calculated deviation values 

(beyond the range of desirability). 

 

Evidently, this quantified degradation in performance and the overall complexity of the strain-

gauge arrangement served to eliminate the cylindrical beam prototype as a viable design 

solution.  Research efforts could not determine an effective means to mount the requisite number 

of strain-gauges to the small-scale assembly, wire each of these gauges in an appropriate 

configuration, and develop a high-resolution interrogation method to record all experimental 

voltage values.  While a similar device was manufactured at SNL and features the potential 

ability to resolve all six degrees-of-freedom in a relatively unobtrusive manner, a comparable 

system could not be reproduced at the NAHL.  Ultimately, the physical complexity of such an 

assembly (and the corresponding electric circuitry of the system) precluded the likelihood of 

future success with the proposed design. 

 

Thereafter, the transition to begin development of a balance-based dynamometer assembly 

emerged as a logical progression through the iterative design process.  This balance-based 
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system eliminates the need for complex wiring and interrogation methods by mechanically 

isolating each degree-of-freedom with simply-designed internal flexures.  Whereas the 

cylindrical beam prototype demonstrates functionality for small-scale robotic applications, the 

balance-based system demonstrates greater reliability for a variety of aerodynamic tests in a 

controlled wind-tunnel environment.  Inherently, the probability of successfully modifying such 

a system for a submerged operating environment is significantly greater than the integration of a 

relatively unproven beam-based system. 

 

To effectively design the balance-based assembly, force and moment coefficients for the 

SUBOFF model were extensively considered.  As calculated via these coefficients and 

traditional bending-beam equations, the greatest expected force is about 120-pounds, the greatest 

expected moment is about 60 foot-pounds, and the maximum deflection of any internal fixture is 

no more than one-hundredth of an inch.  Given these calculated values (and the unique material 

properties of aluminum), a preliminary dynamometer prototype was created in SolidWorks. 

 

As a result of the lessons learned from the previous assembly of the cylindrical beam prototype, 

the integration of commercial strain-gauge technology emerged as a high-level priority for the 

balance-based design.  With direct assistance from the laboratory technicians at the NAHL, a 

feasible strain-gauge system was identified.  Each full-bridge strain-gauge assembly, as 

manufactured by Omega Engineering, supports a maximum of 40-pounds and yields a deflection 

of no more than five-hundredths of an inch [Full-Bridge Thin-Beam Load Cells].  The 

integration of a full-bridge system to resolve each force and moment significantly reduces the 

potential for “cross-talk” and improves the potential resolution of each value.  Though this 

configuration requires a greater number of channels and more complex MATLAB programming, 

the corresponding advantages justify further research efforts to successfully integrate each load-

cell assembly.  An example of such an assembly is provided as Figure 11. 
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Figure 11.  Commercial Thin-Beam Load-Cell Assembly [Full-Bridge Thin-Beam Load Cells] 

 

Though the reliability and feasibility of the balance-based system remains unproven, a successful 

design has been modeled in both SolidWorks and AutoCAD.  Minor design modifications are 

necessary, but a final prototype design will be submitted to the Technical Support Department 

(TSD) for fabrication.  Thereafter, internal “stops” can be integrated to limit internal deflections 

and minimize any potential over-loading of the installed strain-gauge assemblies. 

   
 
7    CONCLUSION 
 
 
The development of a six-axis, single-strut towing dynamometer is an inherently complex 

process.  Though comparable systems have been developed for more controlled environments, 

such as a wind-tunnel, the inherent severity of a submerged operating environment necessitates a 

less conventional design approach.  As evidenced by the iterative design process, a variety of 

unique factors and considerations arise for this entire process. 

 

Though the cylindrical beam prototype was eliminated as a feasible option for this research 

project, the future potential for such a system cannot be overlooked.  Theoretically, with 

advances in strain-gauge technology, such as the development of economically-viable optical 

gauges, any potential “cross-talk” issues could be resolved.  However, with existing mechanical 

strain-gauge technology, the cylindrical beam is not a viable design solution.  As determined 

with this fabricated prototype, there is no effective means to successfully install and wire the 

requisite number of bridge configurations, eliminate observed “cross-talk,” and de-couple all 

voltage measurements. Additionally, given the physical complexity of the cylindrical beam 
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design, it is highly unlikely that an undergraduate research program would suffice to develop a 

reliable system within an appropriate duration of time. 

 

The proposed balance-based dynamometer design represents the best potential option for the 

NAHL.  Relying extensively on commercial strain-gauge technology and fundamental 

engineering principles, this design features an unparalleled ability to support future optimization 

and troubleshooting efforts.  Undoubtedly, the preliminary design for this apparatus possesses a 

variety of weaknesses and potential modes of failure.  However, via the fabrication of an 

aluminum prototype and extensive calibration, future research efforts will serve to modify the 

design for consistent operation in the 120-foot towing-tank. 

 

As discussed, a six-axis, single-strut towing dynamometer has been successfully designed, and 

the potential exists to accurately resolve all desired force and moment values (for six degrees-of-

freedom).  While additional research is necessary to improve systematic reliability and 

successfully integrate an appropriate single-strut fixture, the capabilities of the proposed system 

appear relatively unlimited.  Ultimately, the United States Naval Academy will possess an 

unparalleled ability to comprehensively evaluate the performance of submarine models and high-

performance hull-forms. 
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THE ENTIRE SINGLE-STRUT TOWING 
DYNAMOMETER ASSEMBLY IS DESIGNED 
FOR FUTURE INSTALLATION WITHIN THE 

PRE-EXISTING SUBOFF MODEL 

SUBOFF MODEL  (λ = 2.30)
Length  =  75.00 in
Diameter  =  8.68 in

THE ULTIMATE PURPOSE OF THIS 
RESEARCH PROJECT IS TO DEVELOP A 
SMALL-SCALE TOWING DYNAMOMETER 

WITH SUFFICIENT RELIABILITY AND 
VERSATILITY TO FUNCTION 

SUCCESSFULLY IN A SUBMERGED 
OPERATING ENVIRONMENT …

PREVIOUS RESEARCH 
EFFORTS FACILITATED THE 

DEVELOPMENT OF A 
CYLINDRICAL BEAM 

PROTOTYPE TO MEASURE ALL 
SIX DEGREES OF SHIP MOTION

ITERATIVE DESIGN APPROACH …

A FEASIBILITY ANALYSIS CONDUCTED WITH THE 
FABRICATED CYLINDRICAL BEAM PROTOTYPE 
ELIMINATED THE BEAM ASSEMBLY AS A TRULY 

VIABLE DESIGN SOLUTION ...

• COMPLEX STRAIN-GAUGE ARRANGEMENT
• QUESTIONABLE RESOLUTION
• LIMITED VERSATILITY RESULTING FROM STRAIN-GAUGE “CROSS-TALK”

A SUCCESSFUL DESIGN MUST INCORPORATE THE FOLLOWING FACTORS:

• SUFFICIENT CAPABILITY TO PROVIDE HIGH-RESOLUTION MEASUREMENTS
• MINIMIZED VULNERABILITY TO A SUBMERGED OPERATING ENVIRONMENT
• STRUCTURAL INTEGRITY TO SUPPORT EXPECTED FORCES AND MOMENTS
• APPROPRIATE SCALE TO SUPPORT DIVERSE MODEL TESTS
• ENHANCED RELIABILITY (COMPARED TO EXISTING DOUBLE-STRUT ASSEMBLY)
• CAPACITY TO SUPPORT COMMERCIAL TECHNOLOGY
• SIMPLISTIC DESIGN TO MINIMIZE INSTALLATION TIME AND EXPEDITE TROUBLESHOOTING

THIS PROPOSED DESIGN INCORPORATES 16 
COMMERCIAL, OFF-THE-SHELF (COTS) MECHANICAL 
STRAIN-GAUGE CONFIGURATIONS TO MEASURE ALL 

SIX DEGREES-OF-FREEDOM …

BALANCE-BASED DYNAMOMETER DESIGN

THIS SUBSEQUENT ITERATION 
CONSIDERS THE FUNDAMENTAL 

DESIGN CONCEPTS FOR A 
TRADITIONAL SIX-COMPONENT 

WIND-TUNNEL BALANCE

THE FOLLOWING DESIGN FEATURES SUPPORT THE 
FEASIBILITY OF THIS PROPOSED SYSTEM:

FUTURE FABRICATION, 
CALIBRATION, AND 

INTEGRATION …

• INTEGRATION OF RELIABLE COTS STRAIN-GAUGE TECHNOLOGY
• INTEGRATION OF HIGH-RESOLUTION MECHANICAL STRAIN-GAUGE ASSEMBLIES
• CONSIDERATION OF DEFLECTIONS RESULTING FROM EXPECTED HYDRODYNAMIC FORCES AND MOMENTS
• CONSIDERATION OF UNIQUE CONSTRAINTS RESULTING FROM A SUBMERGED OPERATING ENVIRONMENT
• DEVELOPMENT OF A SMALL-SCALE SYSTEM FOR RAPID IN-HULL INSTALLATION
• DEVELOPMENT OF A LIGHTWEIGHT SYSTEM TO MINIMIZE EXPERIMENTAL INTERFERENCE
• INTEGRATION OF INTERNAL “STOPS” TO MITIGATE STRUCTURAL RISKS RESULTING FROM MODEL TESTING
• INTEGRATION OF A SINGLE-STRUT TO GREATLY ENHANCE SUBMARINE MODEL TESTING
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