
 

 

 
Abstract— A 6 dof (degree of freedom) force sensor, capable of 

measuring low frequency (<10 Hz) external forces has been in 
development for over 20 years.  It is based on the use of the non-linear 
structures characteristic of resonant frequency shifts with applied load.  
A poled ceramic element is employed to excite the structural modes.  
The poling configuration is one based on a cylinder with  4 segments.  
The last major key unknown of this configuration has now been 
resolved.  It is feasible to excite sufficient modes to extract full 6 dof 
applied loads.  The most problematic, for the structural configuration 
was the torsion degree of freedom.  It has been hypothesized that 
Poisson’s ratio effect (or in testing terms, cross axis effect) would be 
sufficient to excite the torsion mode.  It has been confirmed 
experimentally. 
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I. INTRODUCTION 

Table I lists the performance goals for this 6 dof sensor 
development.  Analysis, correlated with experimental work to 
date indicates the goals will be achieved. 

TABLE I 

SENSOR PREDICTED PERFORMANCE CHARACTERISTIC 

Performance 
Characteristic 

Max Min 

Measurable Force 400 N 1 N 
Measurable  Moment 400 Nm 0.5 Nm 
Allowable Drift (10% of 
measurement) 

8 hours n/a 

Rotational Stiffness 67.7e3 N-m/rad 35.e3 N-m/rad 
Survivable Force 600 N n/a 
Survivable Moment 500 N-m n/a 
Frequency Response n/a 5 Hz. 

  
There are 3 significant design challenges in developing a 

force moment sensor for space: insensitivity to external 
boundary condition influences; a stiff structure to adequately 
maintain controllability; large dynamic range, extending down 
to D.C.  The boundary condition influences include extreme 
thermal variations, as well as changes resulting from rigid body 
motion of either supporting structure or payload being handled.   

There are large dynamic range commercial force sensors, 
based on quartz crystals which are available to the  structural 
testing industry. These function well at frequencies over 10 Hz, 
but require switching to a special operating mode to measure 
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D.C. This is not a convenient arrangement for robotic 
manoeuvres.  The testing sensors are also used in applications 
where there are minimal boundary condition variations 
(temperature or support flexibility).  The use of frequency 
measurement with piezoceramic cylinders as the transduction 
method allows for large dynamic range, including D.C [1]. The 
ability to tailor poling of the cylinders affords a simple multi-
axis approach. The frequency measurement approach relies on 
a nonlinear structure which stiffens under increasing load. The 
non-linearity and the 6 dof sensing capability of our prototype 
are made possible through the sensor configuration [2].  The 
mechanical design analysis, is based on a finite element (FE) 
model. The linear normal modes FE model presents the 
frequency range and mode shapes for the unloaded structure.  

Work on 2nd prototype has shown the sensor configuration to 
be very slightly influenced by thermal conditions.  A 2 oC 
gradient across the sensor housing produced a maximum of 2 N 
error [3]. 

The external boundary condition problem becomes much 
less challenging in the frequency domain, because there are a 
large variety of modes to track. An analytical study using FE 
model showed that while the lowest bending modes had 
sensitivity to payload stiffness and mass, the higher modes are 
much less sensitive to even tip tool stiffness [4]. This makes it 
possible to select modes which are minimally sensitive to 
external boundary condition influences. The first mode of the 
structure is the easiest to  measure and track, but it can also be 
the most sensitive to boundary condition changes. 

This 3rd prototype being testing has been a first to attempt to 
measure 6 dof forces. The issue of dominant concern was the 
ability to excite the torsion mode.  The 4 piezo segments 
directly excite out of plane (Z axis), and rocking modes 
(Rotation about X, Rotation about Y).  Coupling with the 
rocking modes, with only one or 2 segments being driven, 
indirectly excites the shear modes (X, Y). It has been 
determined that using segment pairs has been sufficient.   An 
excitation for torsion has been identified, though there are 
improvements in excitation that would lead to improved torsion 
force resolution. 
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II. FORCE SENSOR 

A. Mechanical Configuration 

Fig. 1 shows  prototype sensor cross section. 
 

Fig. 1 Force Sensor Cross Section 
  
Loading plate – a 5.875” diameter, 0.125” thick aluminum plate 
with 8 locations for strut/cable attachment equally spaced along 
circumference. 
Housing – an 8” diameter, 2” high, hollow cylinder, one end 
closed.  The other end has strut/cable attachment fittings, 
spaced along open end circumference.  The closed end of the 
cylinder has a 9” diameter flange. 
Struts/cable – the current design is actually based on slightly 
tensioned cables, rather than pin-ended struts.  There are to be 
8 0.1” diameter cables, which act to join the loading plate with 
the housing.  The finished cable + end fitting length is 1.4375”. 
The cable ends are swaged into end fittings which are counter 
threaded to allow for changes in the nominal preload 
Delrin inserts – there are 2 hollow delrin cylinders to position 
the piezoceramic element between the housing based and 
loading plate.  The ceramic element will be glued into grooves.  
The delrin is to ensure electrical isolation and reduce wear on 
the ceramic element pole. 
Piezoceramic element – a hollow cylinder, 2” diameter, 1” high 
is segmentially poled into 4 quadrants.  The element is driven 
to small amplitudes (~0.08g’s) at a multitude of loading plate 
resonances.  The sequence of element drive is varied to ensure 
modes of significance are excited.   
Thermal straps - 8 thermal straps connect the loading plate to 
the housing walls.  They reduce the thermal gradient. 

The struts generate the non-linearity.  There are 3 regions of 
non-linearity, which we have identified from correlation 
between experimental and analytical results with our 2nd 
prototype.  Testing reported here for  3rd prototype is  linear 
only, without the struts in place, to identify an unloaded 
baseline.  The non-linear mode shifts have been established [3]. 

Fig. 2 shows the segmentially poled ceramic element, also 
shown in Fig. 1,  joining the upper loading plate to housing 
base. 

Fig. 2:  Segmentially Poled Ceramic Element 

B.  Experimental Power Subsystem 

Power is provided for 3 subsystems: 
accelerometers:  5V  
AC/DC 5V adaptor for BeagleBone microprocessor 
3.3V generated to run drive electronics.  

Data  transferred from microprocessor to a PC running 
either Matlab or Excel. 

C. Instrumentation 

Eight 2 axes ADXL212 accelerometers, capacitance set to 
allow maximum frequency of 2500 Hz.   Though they don’t 
meet the maximum frequency requirement, they are adequate 
to validate at least one mode for all 6 force degrees of 
freedom.  The higher frequency modes were validated, for 
breadboard work,  using 2 existing in-house Dytran 
accelerometers.  Table II shows the expected frequency range 
of all modes. 

Fig. 3 shows the axis system and drive segment orientation 
and accelerometer placement on under side of loading plate.  

 

Fig 3 Instrumentation on Loading Plate 



 

 

III. FINITE ELEMENT MODEL 

A simple UAI Nastran finite element model (210 grids, 200 
plate elements, 8 bar elements) has been run  repeatedly to 
determine baseline eigenvectors.  These results are shown in 
Table II   It has also be run for geometric stiffness influences, 
expected as a result of applied static loads. 
Fig. 4 shows the loading plate portion of the FE model. 
 

 

Fig. 4:  FE Model of Loading Plate and Strut 
 
Finite Element (FE) Model Results 
 
The FE results presented in Table II. are taken from 
eigenvector analyses  in two different linear configurations – 
one with the struts absent, the other with the struts as they 
would present for heavily loaded configuration.  For example, 
the first row, axial, shows a minimum frequency of 650 Hz, 
and a maximum frequency of 807 Hz.  The 650 Hz reflects the 
frequency that would be measured if no load of any type was 
on the structure.  The maximum frequency of 807 Hz. reflects 
the measurement if a load of  400 N (100 lb) was being 
applied.  There are a small number of additional predicted 
modes which are not significantly affect by applied load. 
 
The test results of this study correlate with those of the 
minimum frequency column.  
 

 
 
 
 
 
 
 
 
 

 
 
 

TABLE II. 

FREQUENCY RANGE, SHAPE  vs LOADING DOF 
 Min. Freq (Hz) Max. Freq 

(Hz) 
Zero 
crossings 
x-y-z 

Axial  (Z) 650 807 0-0-0 
1130 1236 0-0-0 

Shear  (X) 1228.6 3053 0-0-2 
3557 4110 0-0-2 

Shear  (Y) 1228.6 3053 0-0-1 
3557 4110 0-0-1 

Moment (Rx)  609  819 0-0-1 
934 1215 0-0-3 
1777 2016 0-0-5 
4442 4578 0-0-5 

Moment (Ry) 609 819 0-0-2 
934 1215 0-0-4 
1777 2016 0-0-5 
4442 4578 0-0-5 

Torsion (Rz) 1166 1262 1-2-0 

IV. MODAL DOMAIN APPLICATION 

 
The excitation of the sensor in a higher frequency regime than 
that of operation has the effect of avoiding the drift problem.  
It also offer the advantage of increased accuracy by allowing 
for additional measurements. Each resonant peak, n, is 
proportional to equation (1) or (2); A-15,A-16 from [5], 
depending on the excitation.  The residue portion of modal 
domain equations which is utilized is: 
 

Residue = 𝜓 nk *   𝜓 nj /mn      ………..(1) 
where:     n is the mode or resonance number, 

 k is the driving point and 
 j is the response point 
ψ is mode shape coefficent 
ℒ is participation factor, a 

representation of applied force 
 

Residue = ℒ  n  *   𝜓 nj /mn                   ………..(2) 
 
 
 
ie, for each resonance, n, the accelerometer amplitude is 
proportional to the shape coefficient at which the 
measurement is taken, and the shape coefficient at which the 
structure is driven.  The mn term is constant for a particular 
mode – the modal mass.  For some eigenvector scaling 
conventions this term is unity. 
 
 
 
 
 
  



 

 

V. TESTING CONFIGURATION 

The instrumentation is built into the structure, locations 
shown in Fig. 3.  The excitation is provided by the segmented 
piezo ceramic element is shown in Fig. 2.  Each of the 4 
segments can be excited independently along Z axis direction, 
though there will be some overlap and cross axes influences.   

Initial testing was done using pseudo random excitation, but 
work reported here is based on sine sweeps from 330 to 3300 
Hz.  The sweep rate is fast, 20 Octaves/minute.   

TABLE III. DRIVE SEGMENT PATTERNS 
Excitation Descriptor Drive Segment 

Configuration  
Axial All  in phase  
Rocking 1 +0,-2  
Rocking 2 +1,-3  
Saddle 0,2 +; 1,3 - 
Half Saddle 1 +1,+3 
Half Saddle 2 +0,+2 
Segment Zero Segment 0 only 
Segment One Segment 1  only 
Segment Two Segment 2 only 
Segment Three Segment 3 only 

  
Some initial attempts with swirling of segments were tried 

but when it was obvious how easy it was to excite torsion and 
shear modes with simple means, swirling was dropped.  It may 
yet become useful as a means of separation of modes, or 
improving torsion mode resolution. 

The piezo driver is controlled through a BeagleBone 
processor.  The code for both driving and Beagle Bone data 
acquisition is a combination of C and assembler language.  

  
 Data Acquisition 
 

Initial data acquisition was done through Syscomp Circuit 
Gear System and then transferred to matlab.  This was replaced 
by an inhouse system to acquire the data through BeagleBone 
processor for the low cost, light weight low frequency 
accelerometers.  Part of that processor s/w is in C, part of it is 
in assembly language.  The low frequency  accelerometers have 
high frequency filters that have been removed to enable 
frequency high frequency content. 

After the data is transferred from BeagleBone processor to 
PC, there is LIST code to do some initial  FFT work, but data is 
eventually  processed within matlab .   

The matlab extraction and presentation is controlled 
through main program, lbsweep which reads data,  extracts the 
peaks, plots and outputs peak data. 

VI. EXPERIMENTAL EVALUATION 

This is the second set of testing for this prototype (still in its 
stripped down linear form). The initial testing was done using 
random excitation, but this set is based on sine sweep.  Though 
the sine sweep would not be adequate for performance 
application (too slow), it is useful for the stage of identifying 
modes.  The excitation which has been used to excite response 
modes are listed in Table III.  The testing reported here is from 
300 to 3300 Hz.  Additional testing has been done from 3300 to 
6600 Hz, but is not included here.  It has shown that there are 
modes which we can measure, in that higher range, even with 
the low cost instrumentation we are using.  At least some of the 
higher frequency modes will be useful in improving 
measurement resolution of force degrees of freedom. 

In Fig 5-7,  sharp peaks, dark gray (red in colour version) 
represents Z  modes, light gray (green) is tangential and black 
(blue) is radial. 

Fig. 5 shows the results of summing responses of 2 
perimeter accelerations (0,2), for axial drive configuration..  
They are  distinct peaks, desirable for a measurement device.  
The axial drive mode is not the ideal excitation for bending 
modes, so the first two bending modes  do not show.  The 
mode at 685 Hz is an axial mode. The modes at 785 and 820 
are saddle mode pairs.  They do not line up well with defined 
coordinate system, though they have been shown as 
influencing rotation about X force degree of freedom and 
rotation about Y force degree of freedom.  They will be 
coupled with axial force degree of freedom.  The mode at 
1280 Hz is another axial mode. It shows up well in center 
accelerometer, as well as on perimeter ones.   The shape of 
mode at 2710 Hz is probably bending, because it does not 
show up in center accelerometer, only the perimeter ones as 
combined radial and out of plane acceleration. 
 
 



 

 

 
 

Fig. 5:  Excitation: all 4 segments in phase.  Response: Acc 0 plus Acc2   

 
 

Fig. 6 Full saddle excitation.  Response:  Acc 0 plus Acc2  
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Fig. 6 represents the best torsion mode for the segment 

combinations tested with sine sweep.  The broad light gray 
(green) peak at 1064 Hz. is the torsion mode.  There is a hint of 
shear mode at 1107 Hz.  The torsion mode peak is not as well 
defined as other degrees of freedom – it is not directly excited, 
but results from Poisson’s ratio influence.  The strongest peak 
is the saddle mode of 820 Hz. The saddle mode shows up 
sometimes as low as 780 Hz (rocking excitation segments 2,3), 
and in close examination of some plots, there is a 2nd small 
mode around 850 Hz – so it is quite possible that there are two 
saddle modes and either response accelerometers or excitation 
configuration is poorly positioned for displaying this 
information. This or these peak(s) will be used in detected 
applied moment and axial forces.  The small red peak at 686 Hz 
is the axial mode.  The vertical (red) mode at 2710 Hz. is quite 
persistent in all of the excitations applied, though it is not yet 
well categorized.  It is quite likely a pair of modes – for some 
excitations, the peak is as low as 2672 Hz.  In some cases, it is 
combined with significant radial response.  Since it is absent in 
center accelerometer response, its use will be for estimate 
applied  moment  load degrees of freedom. 

The FE model predicted quite a strong torsion mode, but 
since it is not being directly excited (ie is a cross axis influence), 
its amplitude (about 1/3 of directly excited modes) is 
reasonable. 

 

Fig 7. Rocking excitation.  Response:  Acc 0 less Acc 2 
 

Rocking excitation (based on adjacent segments 0 and 3 out 
of phase) show up the first bending mode (530 Hz)  and the first 
shear mode (1100 Hz).  There is a hint of perpendicular shear 
mode in green at 1200 Hz.  Fig 7  is based on the difference 
between accelerometers 0 and 2 (the radial measurements – in 
blue, are based on outward accelerations). 

There does seem to be a shear mode building at the end of 
the sweep (influence at centre accelerometer, but response 
predominantly in-plane) .  Looking into the higher frequency 
testing data (not shown in figure, 3300-6600 Hz.), it looks like 
there is a mode around 3625 Hz and 4000 Hz.  There are at least 
8 modes in higher frequency regime, and while they may not all 

be useful in force transduction, at least some of them are likely 
to improve resolution.   

VII. DISCUSSION 

This testing has been done with accelerometers mounted on 
underside of loading plate, to allow for eventual application of 
applied loads.  An earlier testing regime was done with 
accelerometers on top side of loading plate.  In spite of the fact 
that the structure was completely reassembled, the frequency 
results have remained fairly consistent. The peaks themselves 
are cleaner now, because the accelerometers are more firmly 
affixed to the loading plate. 

Table I. correlates measured modes, FE predicted modes 
with 6 loading degrees of freedom.  There are 2 modes for axial 
force measurement, 3 for each of 2 moment force measurement, 
2 for each shear force measurement, but only 1 for torsion force 
measurement.  Both shear degrees of freedom are dependent on 
associated moment degrees of freedom, but there are sufficient 
modes that they can be separated.  In general, the more modes 
in any measurement degree of freedom, the better the force 
resolution will be. 

The experimental modes line up fairly well with FE 
predictions, though as usual, the FE ones are slightly higher 
frequency.  The results do show some structural asymmetry, 
both shear and moment modes are not frequency coincident.  
Probably it is a stiffness issue. 

The higher frequency regime has been examined, and there 
are additional modes which will provide additional resolution, 
but the higher mode shapes are not well enough defined to 
determine which of them can be categorized as influencing 
particular force dof’s. 

 
Table IV  Experimental and Analytical Results 

 
Force 
dof 

Force Degree of 
Freedom 

Measured 
Peak (Hz) Excitation (Segments) 

FE: all no strut, 
(Hz) 

z Axial, z 
680 Axial (1,2,3,4) 649.9 

 
 

1270-1280 Axial(1,2,3,4) 1130.85 

rx Moment,rx 
530-540 Rock:(1,2),( 3,0) 608.7 

 
 

820 Axial(4.2), Saddle 934.2 

 
 

  1776.8 

 
 

2715 Full Saddle  

ry Moment,ry 
625-640 Rock(01,) 608.7 

 
 

 785 Rock:(2,3),(3,0) 934.2 

 
 

1620  Seg. 2 1776.8 

 
 

2610 Rock(3,0)  

rz Torsion, rz 
  1060 Full saddle 1195.5 

y+rx 
Shear, 

Moment,y+rx 1100 Rock(3,0) 1228.6 

 
 

  3557.2 

x+ry  
Shear, 

Moment,x+ry 1227 Rock(0,1) 1228.6 

 
 

  3557.2 



 

 

 
Fig.  5 and 6 each show peaks at 685 and 820 Hz, but the peaks 
are quite different in amplitude. The predominant influence of 
the difference is a function of the effectiveness of a particular 
segment excitation configuration.  The participation factor, 
described in equation (2) of Section IV as ℒ is the numerical 
representation of how well a particular force is at exciting an 
accelerometer location for a particular mode. 

 In Fig. 5 the excitation is all 4 segments in phase, and it does 
a good job of exciting axial modes, thus the high peak at 684 
Hz.  In Fig. 6, the excitation is a saddle mode – seg 0+, seg1-
,seg2+, seg3-.  This configuration does a fairly good job of 
exciting the torsion mode, in spite of the fact that there is no 
explicit component of motion in the torsion direction.  It has 
been hypothesized that a Poisson’s ratio influence is providing 
the shear components of motion needed to excite a torsion 
mode.  A slight time shift in two shearing motions is all that 
would be needed to accomplish this effect, and it would be 
expected to show up more in saddle excitation than an axial type 
of excitation. 

VIII. CONCLUSIONS 

It has been shown that all 6 load measuring degrees of 
freedom can be excited with only out of plane excitation.  

It is clear that mode shape information is necessary to 
provide a transduction to track 6 dof applied loads. The torsion 
degree of freedom was the most problematic to excite, but it is 
the simplest to track, because there is no out of plane response. 

The results correlate fairly well with the simple FE model 
that has been developed for the linear, unloaded configuration.  
The slight asymmetry of the structure has fortuitously provided 
some frequency separation for predicted degenerate modes.  
But applied loads to plates will always mean that distinguishing 
between force loading degrees of freedom will be dependent on 
monitoring the shape of each mode, not just its frequency. 
Monitoring zero crossings will be enough to identify the first 
10-20 mode shapes.  

 In performance applications the type of excitation that is 
applied may also be used to identify applied static force degrees 
of freedom.    

Previous work, [1] and [3] has shown that externally applied 
loads do cause shifts in modal frequency, but the actual shifts 
for this 3rd prototype sensor have yet to be quantified. 

 
 

References 
[1] S. Draisey, M.  Mullins, P. Yiannacouras  and F. Didot, “ Development of 

Low Frequency Force Moment Sensor using Piezoceramic Elements”, 
Proceedings of 6th CanSmart Meeting, Montreal, Oct. 2003. p283. 

[2] US Patent 9,513,179 B2 Application No 14/601,012.  Force Moment 
Sensor.  Inventor:  Sherry Draisey.  Filed Jan 20,2015. 

[3] S. Draisey,   “Space Robotic Force Moment Sensor:  Boundary  Condition 
Influences”. Presented at CCTOMM, CSA Headquarters, 2003.  
www.goodvibrationsengineering.com/cctomm.pdf  

[4]  S. Draisey, “Technical Memo:  Study of External Boundary Condition 
Influences on FMS modes”. Internal Report GVE-15-FMS-TM02.  2016. 
[5] S. Draisey, M. Elzeki, A. S. Jones, G. Marks, “Model Testing of the 

Olympus Development Model Stowed Solar Array”. 61st AGARD 
Meeting of the Structures and Materials Panel,1985. 
www.goodvibrationsengineering.com/OlympusPaper.pdf  

 
 
 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 

 


