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BOLT SHEAR FORCE SENSOR 

 

STATEMENT OF GOVERNMENT INTEREST 

[0001] The invention described herein may be manufactured and 

used by or for the Government of the United States of America for 

governmental purposes without the payment of any royalties 

thereon or therefor. 

 

CROSS REFERENCE TO OTHER PATENT APPLICATIONS 

[0002] None. 

 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 

[0003] The present invention relates to a bolt shear force 

sensor for use in design testing as well as in-service monitoring 

in order to provide a structural assessment of a bolt or fastener 

while attached in an operating system. 

(2) Description of the Prior Art 

[0004] The design of submarine and ship systems required to 

survive the effects of mechanical shock must consider not only 

the system and foundation to which the system is attached but 

also the mechanical fasteners connecting them.  While it is well 

known that structures typically fail at mechanical joints and 
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other discontinuities; there are significant difficulties in 

assessing and predicting localized distribution of forces within 

the mechanical fasteners used at the joints. 

[0005] These difficulties increase when loading forces are 

dynamic as in the case of shock, blast, vibration and seismic 

events.  As such, making a determination of proper sizing, 

spacing, pre-tensioning and quality of fasteners becomes 

increasingly critical.  Therefore, achieving the required level 

of structural integrity in mechanically fastened joints has 

further implications on the design methods used and the need for 

experimental testing. 

[0006] In commercial applications, qualification by analysis 

is becoming more prevalent; especially when providing design 

guidance and establishing performance criteria.  Since the need 

remains to understand how mechanically-fastened joints behave; a 

need also exists to identify individual fastener behavior from 

structural tests and to improve the knowledge base and design 

methods for joints in load-carrying structures. 

[0007] Multiple devices and methods for measuring axial forces 

in fasteners are described in the art.  However, these devices 

and methods do not adequately measure fastener shear forces in 

which those forces transversely align with a longitudinal axis of 

a bolt.  In a properly designed joint,  
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axial and shear forces must be considered because of their 

cumulative effect on fastener stress. 

[0008] While handbook calculations and numerical methods are 

typically employed for estimation purposes; both types of methods 

require kinematic and constitutive (stiffness) assumptions in 

regard to the transfer of external loads and the resulting 

distribution of internal reaction forces among participating 

joint components.  In mechanically fastened joints subjected to 

shearing loads; factors (such as elasticity of the joined 

members, hole tolerances, interfacial friction, creep, thermal 

expansion, etc) affect the ability of the joint to resist 

shearing motions among joined members. 

[0009] While fastener shear forces directly create shear 

stresses; the forces also create a secondary effect that 

generates fastener bending stresses.  These bending stresses, 

which are difficult to quantify because the bending moment arm in 

each fastener is often unknown, superimpose with pretension 

stresses.  As such, it is apparent that for joints subject to 

shearing loads; fastener tensions stresses comprise the direct 

axial tension (the sum of initial pretension and externally 

applied axial joint loads) and the bending stress due to shearing 

forces. 

[0010] In the known art, Slack (United States Patent No. 

4,870,866) describes an ultrasonic method for measuring contact 
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pressures on mating interfaces of solids undergoing compression.  

In the reference, an interfacial region contains an entrapped 

film of liquid.  By monitoring the change in acoustic pulses; the 

contact pressure can be determined.  However, to determine the 

shear force, additional processing would require an integration 

of the contact pressure over the contact area.  Hence, to obtain 

the shear force; the contact area must also be monitored.  This 

method would be difficult to employ with existing in-service 

monitoring applications. 

[0011] Hay (United States Patent No. 5,945,665) describes a 

fiber optic strain gage-based transducer which measures only the 

axial force (including pretension) in the bolt (See FIG. 1).  In 

the figure, a Bragg grating sensor 1 is inserted and held by 

epoxy 2 in a mechanical fastener 10.  Optical fiber 3 connects 

the grating sensor 1 to an external connector 4.  Other devices 

use washers instrumented with wire (foil) strain gages in which 

the gages only measure the axial forces in bolts. 

[0012] In other commercially-available measurement devices, 

pressure sensitive films are mounted between the fasteners.  The 

bearing surface of the mating holes for the fasteners can be used 

to measure shear forces from patterns of contact pressures.  

These films contain microcapsules that release color at 

prescribed pressure ranges.  A scanning device is then used to 

measure the variations in color intensity of the contact pressure 
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pattern.  However, the films do not allow continuous, real-time 

monitoring of forces.  Disassembly of the joint is required to 

quantify the magnitudes of the shear forces. 

[0013] Also in the prior art, Shah (United States Patent No. 

8,433,160) includes optical sensing elements positioned through a 

continuous aperture collinearly with a longitudinal axis of a 

fastener in order to sense strain and temperature.  The sensing 

elements sense localized fastener deformations that occur along 

the longitudinal axis.  The fiber optic sensing elements can be 

used to capture axial, transverse and torsional strains as 

measured from the localized deformations of the drilled hole 

region of the fastener.  However, the Shah reference cannot 

distinguish directly between transverse compression strains due 

to Poisson’s effect and bolt bearing strains. 

[0014] Using FIG. 2, consider an element of material 11 of a 

fastener 12 loaded in pure axial tension.  By Poisson’s effect, a 

compressive strain would develop along an axis orthogonally 

transverse to the longitudinal axis of the fastener (See FIG. 3).  

The Shah reference senses this transverse strain which is not a 

result of any bolt bearing induced strains. 

[0015] Using FIG. 4, now consider the combined presence of 

Poisson’s strains from bolt tension and transverse strains of a 

bolt bearing.  For example in the figure, the fastener 12 with 

the identified element 11 is loaded in double shear by forces “P” 
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and “P/2” with the fastener also under axial tensile force as 

indicated by direction arrows A and B.  In FIG. 5, the identified 

element 11 is under compressive and axial strain. 

[0016] These transverse strains are sensed rather than the 

individual transverse strain components.  With the use of signal 

processing, the Poisson’s effect transverse strains (i.e., the 

transverse compressive strains resulting from axial tensile loads 

in the fastener) must be separated from the transverse bolt 

bearing strains.  This is an indirect approach. 

[0017] Based on the existing art, a need still exists for a 

bolt shear force sensor for design validation testing as well as 

in-service monitoring for structural health assessment.  The 

sensor should be available for use in both static and dynamic 

applications. 

 

SUMMARY OF THE INVENTION 

[0018] It is therefore a general purpose and primary object of 

the present invention to provide a bolt shear force sensor for 

use in design validation as well as in-service monitoring. 

[0019] In order to attain the object described, the present 

invention includes a bolt shear force sensor having a deformable 

ring with channel-like cross-sections as a circumference and a 

wire egress extending thru one of the flanges (arms) of the 

channel.  Strain sensing elements are mounted to an outer face of 
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the circumference in a central area (mid-section) of the channel 

region.  The deformable ring surrounds a bolt or mechanical 

fastener positioned or attached in an operating system. 

[0020] Once the bolt is subjected to an external load from the 

surrounding system; any frictional resistance to slip is overcome 

to the extent that a bolt bearing develops within the system.  

The bolt then is locked in position and resists further motion.  

Also at this time, the bolt compresses the sensors or strain 

gages of the surrounding deformable ring and the ring deforms. 

[0021] The strain sensing elements of the deformable ring 

capture hoop strain and then produce signals based on the strain.  

A signal conditioner accepts the signals from the strain sensing 

elements via wire conductors or optical fibers.  The signal 

conditioner calculates and converts the strain sensing signals to 

strain output.  The strain outputs are then used in conjunction 

with a calibration curve of shear force versus strain to 

determine the magnitudes and directions of the resultant shear 

forces. 

[0022] The present invention provides a device capable of 

continuous and real-time monitoring of shear forces in fasteners 

used in mechanical joints.  The sensor can be used in both static 

and dynamic applications.  The bolt shear sensor is particularly 

useful in joints containing multiple fasteners in which the 

distribution of fastener shear forces may be complicated or 
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difficult to determine. 

 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] Other objects, features and advantages of the present 

invention will become apparent upon reference to the following 

description of the preferred embodiments and to the drawing, 

wherein: 

[0024] FIG. 1 depicts a prior art axial bolt force sensor 

having fiber optic Bragg strain gages; 

[0025] FIG. 2 depicts a fastener loaded in axial tension; 

[0026] FIG. 3 depicts a material element of a fastener with 

transverse compressive strain and axial strain; 

[0027] FIG. 4 depicts a fastener under axial tensile and 

double shearing forces; 

[0028] FIG. 5 depicts a material element of a fastener 

subjected to multiple strains; 

[0029] FIG. 6 depicts a cross-section view of a bolt shear 

force sensor of the present invention with a bolted joint under 

double shear stress with the sensor operationally connected to a 

signal conditioner; 

 

 

[0030] FIG. 7 is an isometric view of a deformable ring of the 

bolt shear force sensor of the present invention with an optical 
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fiber having Bragg gratings wound around the ring; 

[0031] FIG. 8 is an isometric view of the deformable ring with 

wire strain gages wound around the ring; 

[0032] FIG. 9 depicts the bolt shear force sensor of the 

present invention having a wire conductor egress path thru a 

bolt; 

[0033] FIG. 10 depicts a shear force impacting a deformable 

ring of the shear force sensor of the present invention; 

[0034] FIG. 11 depicts exterior strain areas on a deformable 

ring of the shear force sensor of the present invention; 

[0035] FIG. 12 depicts interior strain areas on a deformed 

ring of the shear force sensor of the present invention; and 

[0036] FIG. 13 depicts shear force reactions in a multi-

fastener, eccentrically loaded bolted connection. 

 

DETAILED DESCRIPTION OF THE INVENTION 

[0037] As depicted in FIG. 6, the present invention provides a 

bolt shear force sensor 100 having a nearly-rigid, yet deformable 

ring 102 with indented channel-like cross-sections.  In the 

figure, a bolt 12 is positioned between plates 20 and secured 

with washers 22 and a nut 24.  Forces acting on the bolt  

 

12 and the deformable ring 102 are depicted by direction arrows 

“F” and “F/2”. 
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[0038] As shown in the detail view of FIG. 7, the deformable 

ring 102 is a shear force sensor ring employing an optical fiber 

110.  The optical fiber 110 is continuously wound around and 

glues (fastened) to a vertical section 103 positioned between an 

upper flange 104 and a lower flange 105 of the ring 102.  The 

optical fiber 110 includes Bragg gratings which are commonly used 

as measuring sensors. 

[0039] The deformable ring 102 includes at least one egress 

hole or aperture 106 which provides a conduit for the optical 

fiber 110 to connect to a signal conditioner 200 (See FIG. 6).  

The deformable ring 102 may be constructed from conventional 

materials (metal, composite, plastic etc.) or with piezoelectric 

ceramics.  If the ring 102 is constructed with piezoelectric 

ceramics, the ring itself is the sensor; therefore, there is not 

a need for the optical fiber 110 or any other measuring sensor 

wound around the ring. 

[0040] Alternatively, as shown in FIG. 8, one or more strain 

sensing elements 120 (such as wire strain gages) of sufficient 

size and quantity are fastened (using conventional adhesives) to 

the vertical section 103 of the ring 102.  The sensing elements 

120 are centered on the vertical section 103 at mid-height and 

are aligned to measure hoop (circumferential) strains.  The 

sensing elements 120 are fixedly bonded to the vertical section 

103 using conventional adhesives such as epoxies or other 
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suitable bonding agents. 

[0041] Because these types of gages are discrete strain 

measuring devices; a sufficient number of strain gages 120 would 

be required for a given shear load.  The number of strain gages 

120 will depend on the level of accuracy desired for determining 

the direction of the resultant shear force vector and magnitude.  

For conventional electrical resistance-based strain gages, the 

resistance value and the length of the gage being used will 

increase sensor performance.  The bolt shear force sensor 100 

supplies a consistent strain regardless of the angular position 

(within a plane perpendicular to the longitudinal axis of the 

bolt or mechanical fastener 12) made by the shear force vector 

and the strain gages 120. 

[0042] Returning to FIG. 6, the signal conditioner 200 is 

operationally connected to the strain gages 120 via the optical 

fibers 110 or wire conductors 122 (shown in FIG. 9).  A grooved 

adapter plate 40 provides a conduit for the optical fibers 110 

and the wire conductors 122 from the aperture 106 to the signal 

conditioner 200.  The signal conditioner 200 is used to convert 

the gage signals (i.e., change in resistance for the wire strain 

gages 120 and change in light frequency for Bragg strain gages of 

the optical fiber 110) to strain output.   

[0043] The signal conditioner 200 may include a monitor that 

indicates a magnitude of resistance force (FS) compared to a 
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measured strain in the sensor ring (E).  The strain outputs are 

then used in conjunction with a calibration curve of shear force 

versus strain to determine the magnitudes and directions of the 

resultant shear forces. 

[0044] In the case of a sensor ring 102 made with 

piezoelectric ceramics, no strain gages are necessary since the 

ceramics produce a voltage as the ring deforms and becomes 

stressed.  A wire conductor 120 would attach directly to the 

sensor ring 102 and would transmit voltages to the signal 

conditioner 200.  In this case, the signal conditioner 200 

converts the voltage readings to strain.  Using the shear force 

versus strain calibration curve; shear forces are then 

calculated. 

[0045] Sensitivity of the deformable ring 102 can be easily 

increased by incorporating additional strain sensing elements 

and/or through shape changes of the channel cross-section such as 

crowning or curving the vertical section 103.  Crowning the 

vertical section 103 maximizes the bending moment and ensures 

that contact between the bolt 12 and the strain gages 120 (or the 

optical fiber 110) occurs at the vertical section rather than at 

the flanges 104, 105 to produce greater hoop strain and therefore 

increased sensitivity to ensure that the strain gages 120 are not 

subjected to strains along an axial direction of the bolt 12; the 

thickness of the strain gages must be less than the thicknesses 
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of the plates that the strain gages are installed with. 

[0046] For the double shear lap joint shown in FIG. 6 and FIG. 

9; multiple fasteners can be used to clamp the plates together.  

In FIG. 9, the wire conductors 122 or the optical fibers 108 are 

placed into holes of a bolt 160 after which the plates 20 are 

stacked accordingly.  The bolt 160 is placed into position by 

passing between the deformable rings 102 and the strain gages 120 

or the optical fiber 110.  The diameters of the flanges 104, 105 

should be minimized as much as possible to allow an increased 

hole or aperture diameter in the plates 20 and mid-plate 30.  

Doing so will ensure that the presence of the bolt shear force 

sensor 100 does not adversely affect joint strength. 

[0047] Once the joint is subjected to an external load (see 

force arrows “F” and “F/2”); any frictional resistance to slip is 

overcome and relative motions of the plates 20, 30 occur to the 

extent that a bolt bearing has developed.  At this time, contact 

between the crown of the deformable ring 102 and the bolt 12 (or 

160) occurs.  The bolt 12 (or 160) is then locked in position and 

resists further plate motion.  The bolt 12 (or 160)  

 

compresses the sensors or strain gages 106 against the middle 

plate 30 and the ring 102 deforms. 

[0048] Similarly, contact between outer radial edges of the 

deformable ring 102 (180 degrees away from the contact developed 
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at the crown) and the bolt hole surface occurs.  Once these 

contact conditions are generated; a radial compressive force is 

produced in the bolt shear force sensor 100.  This compressive 

force produces a measurable mechanical deformation (and strain) 

in the shear force sensor 100. 

[0049] Depending upon the type of sensing elements used (i.e., 

resistance strain gages, fiber optic Bragg grating or 

piezoelectric material), an output is generated (i.e., resistance 

change, light frequency shift, or voltage) and is transmitted 

from the shear force sensor through either egress (aperture) 

shown in FIG. 6 and FIG. 9.  The output is processed using the 

signal conditioner 200.  Using calibration curves, the signal is 

converted to a shearing force and if sufficient sensing elements 

are incorporated within the shear force sensor 100, the vector of 

the shearing force is determined. 

[0050] FIGS. 10-12 depict results of a modeling simulation 

that demonstrates the performance of the bolt shear force sensor 

100.  Referring to FIG. 10, the bolt 12 (or bolt 160) is fixed 

and a quasi-static horizontal displacement is applied to the  

 

plate 30.  A reaction force occurs and is represented by the 

arrow designated as the bolt shear force vector, Fs. 

[0051] FIG. 11 depicts exterior strain areas on the deformed 

ring 102 of the shear force sensor 100.  FIG. 12 depicts interior 
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strain areas on the deformed ring 102 of the shear force sensor 

100.  Real compressive principal strains are developed along the 

inner surface of the sensor at the vertical section 103 where 

direct contact occurs with the bolt 12 or 160 (See contour region 

“K” of FIG. 12).  Strain values decrease as points of interest 

become further away from region K. 

[0052] The present invention provides continuous and real-time 

monitoring of shear forces in fasteners used in mechanical 

joints.  The present invention is particularly useful in joints 

containing multiple fasteners in which the distribution of 

fastener shear forces may be complicated (see the example of FIG. 

13) or cannot be determined. 

[0053] The example of FIG. 13 demonstrates the applied loading 

vector P and shear force vectors F’i and F”i and resultant shear 

force vector Fs for a ith bolt.  The equations shown are used to 

perform the vector analysis calculations that are used to compute 

the magnitude of the resultant shear force vector for each bolt.  

F’i is the direct shear force reaction for the bolt i.  F”i is 

the rotational shear force reaction for the bolt i.  The sum of 

all Fi x ricg is the total reaction moment of the joint for which 

a static equilibrium must equal P x Lcg (See Mechanical 

Engineering Design, J.E. Shigley, 3
rd
 ed. pp. 256-263, 1977). 

[0054] Returning to the prior art for a comparison of results, 

the Shah reference senses localized fastener deformations that 
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occur along a longitudinal axis of a fastener.  Alternatively, 

the present invention senses bolt bearing deformations by using a 

separate, deformable ring positioned externally to the fastener.  

The fiber optic sensing elements of the Shah reference capture an 

axial, total transverse and torsional strains as measured from 

localized deformation of drilled hole regions of the fastener.  

However, the cited reference cannot distinguish directly between 

transverse compression strains due to Poisson’s effect and bolt 

bearing strains. 

[0055] Consider a fastener loaded in pure axial tension as 

shown in FIG. 2.  By Poisson’s effect, a compressive strain would 

develop along an axis transverse to the longitudinal axis of the 

fastener.  Now, consider the combined presence of Poisson’s 

strains from bolt tension and transverse strains from a bolting 

bearing as shown in FIG. 5.  The Shah reference senses the sum of 

these transverse strains rather than the individual strain 

components.  The cited reference, through the use of signal 

processing, must separate the Poisson’s effect transverse strains 

(i.e., the transverse compressive strains resulting from axial 

tensile loads in the fastener) from the transverse bolt bearing 

strains.  This is an indirect approach of measurement. 

[0056] The bolt shear sensor 100 of the present invention 

describes a direct approach and is not sensitive to fastener 

axial loads and the transverse strains resulting from the 
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Poisson’s effect.  Furthermore, the invention describes sensing 

ring geometry to have a thickness “H” that is slightly less than 

the plate thickness “T” such that the deformable ring vertically 

“floats” in the hole of the plate (See FIG. 6 and 9).  Therefore, 

the sensing ring 102 is not subject to through-thickness 

compressive joint forces and hence the transverse strains from 

the Poisson’s effect. 

[0057] Furthermore, the Shah reference requires drilling a 

hole through along a longitudinal axis of the fastener.  This 

drilling decreases the axial, bending, torsional and direct shear 

strengths and stiffnesses of the fastener.  The bolt shear force 

sensor of the present invention optionally discloses a similar 

technique used solely for enabling the egress of conductive wires 

from the ring sensor through one partially-drilled lateral hole 

and one partially drilled central hole in the fastener.  Both the 

reference and the present invention have the potential to degrade 

bolt strength and stiffness but through holes provide 

significantly greater degradation. 

[0058] Alternatively, the present invention also provides an 

egress method that avoids having to drill any holes in the 

fastener by using an adaptor plate with a wire conductor egress.  

This latter option preserves a complete range of strengths and 

stiffnesses of the fastener with no degradation. 

[0059] The deformable ring 102 of the bolt shear force sensor 
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100 of the present invention can be made of conventional and non-

conventional structural materials.  The sensors can be 

instrumental with one or more wire strain gages, one or more 

Bragg gratings for fiber optic strain gages or piezoelectric 

materials, etc. 

[0060] For optical strain gages that utilize Bragg gratings; a 

single optical fiber containing multiple, closely spaced Bragg 

gratings would be desirable to provide sufficient resolution and 

sensitivity.  The cross section of the bolt force sensor 100 is 

not restricted to the channel configuration described herein; 

other strain sensitive geometries could be used but would require 

an axisymmetric (ring-like) shape. 

[0061] The foregoing description of the preferred embodiments 

of the invention has been presented for purposes of illustration 

and description only.  It is not intended to be exhaustive nor to 

limit the invention to the precise form disclosed; and obviously 

many modifications and variations are possible in light of the 

above teaching.  Such modifications and variations that may be 

apparent to a person skilled in the art are intended to be 

included within the scope of this invention as defined by the 

accompanying claims. 
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BOLT SHEAR FORCE SENSOR 

 

ABSTRACT OF THE DISCLOSURE 

A bolt shear force sensor for in-service monitoring is 

provided in which the sensor includes a deformable ring with 

channel-like cross-sections and a wire egress hole.  The ring 

surrounds a bolt or fastener to be tested.  The channel-like 

cross sections face exterior to a center of the ring.  Strain 

sensing elements are mounted within the channel cross-sections as 

an outer circumference of the ring.  The sensing elements capture 

hoop strain from surrounding plates of the operating system which 

holds the fastener.  A signal conditioner operationally connected 

via wire conductors is used to convert strain sensing signals 

from the sensing elements to strain output.  The strain outputs 

are then used in conjunction with a calibration curve of shear 

force versus strain to determine the magnitudes and directions of 

the resultant shear forces. 
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30 102 

FIG. 10 

Bolt-to-Sensor 
Contact Region 

Reaction Forces 
Developed From 
Sensor-to-Plate 

Hole Edge 
Contact 



Minimum Principal 
Strain, Pe3 

A - 6.719e-08 
B - 1.255e-05 
C - 2.503e-05 

- 3.751e-05 
D - 4.999e-05 
E - 6.248e-05 
F - 7 .496e-05 
G - 8.7 44e-05 
H - 9 .992e-05 

- 1.124e-04 
I - 1.249e-04 
J - 1.37 4e-04 
K - 1.498e-04 

(in/in) 

z 
t::y 

X 

Notes: Plate and bolt not shown. 
F s is parallel to X-axis. 

-li. 
-li. --li. 

VJ 

FIG. 11 



Minimum Principal 
Strain, Pe3 

A - 6.719e-08 

8 - 1.255e-05 
C - 2.503e-05 

- 3.751e-05 
D - 4.999e-05 
E - 6.248e-05 
F - 7.496e-05 
G - 8. 7 44e-05 
H - 9.992e-05 

- 1.124e-04 
I - 1.249e-04 
J - 1.374e-04 
K - 1.498e-04 

(in/in) 

z 
Y~x 

Notes: Plate and bolt not shown. 
F s is parallel to X-axis. 

Direction of Bolt 
Shear Force, Fs 

FIG. 12 
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Assumptions: 
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~ 

Leg 

(Distance to Bolt Group Centroid, cg) 

n =#bolts 
F'i =P I n 
__,. __,. n 
Meg= Plcg = .L 

1=1 

All bolts are of same diameter and material 
All holes are sliding fit clearance 

__,. __,. __,. 
Fs = F'i +F"i 

-------> F' = Primary Shear Force Reaction 
-~ F" = Secondary Shear Force Reaction 
----+> Fs = Resultant Shear Force Reaction 

FIG. 13 

r cg is the radial distance 
from a bolt group 
centroid to each bolt 




