164-153 Hoyo 10 o lesis 17 093 1396 S5 (Yw) 3o SwlKe wligo dlxo

g3 ale dolinle
O 3 Sl (witigo

mme.modares.ac.ir

I

TG

Silwdiug 9 03950 b JILUS /930 S R A dwlio Sl p (sl Slady
JB I Slas al Bun b ablite G p5 dudia

26 S) Gaean g 318 (pacdd

Ol el At pd a5 oSl (Sl pudiges oyl 3bial =1

OIS by A pod a5 0B (Sl wdine «(6 8 (goomitily —2
kazerooni@srttu.edu 16785-136  uy Gosio «)li45 #

N Qs SleYl!

Jo imgsy

1396 ,5 29 :cdl

1396 5 005 20 : 5 oy
1396 e 21 :cole 2 &l

[ays5 Sous >yl sl (M My My) 15liiS solio 3 o g (Fx Fy o) gy daleio oy dw slojd s pSesli] ool dlio gl
Sl S CubS ogad ) oo Golad g dwslio (gl (17) Man adls Tl ) sl a8 S )18 dn g 3y50 ygmme b yaliiS

2o ool sl o o 0y i )9S [958 S (Pl sly Sl (odgy 308 il ] 5l oslil | ash o 4l
2 (FEM) 5900 (slinl Juloo g, 5l eslil § e )3 00535 (SQP) Jlsie pgd dn )3 (sungidaliy w68 oy Jilize b3l gline 0ygoe i gl gy S
Gan o Blyie 4 ol 5105 el ol aidly oMol gblite oy £55 51 S o3l (gl 0 B! dusdid sl o] Jl58lp 2 (Sl
Sl Jgb 5 Jlosl G5 dtpity dagriao 55 Copbu (Slodd (izgad S i |y S 05ls i eiie oz Jgbo b 003 ol kel 2o

dblie sla i ojle

S9y5 4 yolidS Camnnd by odddinge S zub ol 31 gllad o im0 i ol .lodds (gais Jge )8 Wlos 2 S ol awdin
ol a8l 2als 1.49% L5 & (0.INM/N) YL

Proposing an index for qualitative comparison of six-axis force/torque sensors
and optimization of Maltese cross geometry to reduce cross-coupling error

Afshin Kazerooni”, Hossein Akbari

Department of Mechanical Engineering, Shahid Rajaee Teacher Training University, Tehran, Iran.
*P.0.B. 16785-136 Tehran, Iran, kazerooni@srttu.edu

ARTICLE INFORMATION ABSTRACT

Original Research Paper
Received 20 July 2017

Accepted 11 September 2017
Available Online 13 October 2017

In this paper the principles of simultaneous measurement of three orthogonal force vectors F,, Fy, F, and
three orthogonal torque vectors My, My, M, to design a six axis force/torque sensor are considered. At
first, a new index () for a qualitative comparison of six-axis force/torque sensors is proposed and then,
cross-coupling error of several sensors presented in previous studies is evaluated and compared by using
the new index. In the following, a systematic method for designing the six-axis force/torque sensor is
described using numerical optimization procedure. This method is based on interactive interface
between the SQP algorithm created in MATLAB and FEM analysis in ANSYS software. The geometry
of sensor structure is selected to be a modified Maltese cross type. Principle cross-coupling error is
chosen as the objective function to optimize four geometrical design variables of the sensor structure.
Also, strain gauge sensitivity, maximum applied stress and geometric sizes of the sensor structure as
constraints are formulated in problem. Results show that principle cross-coupling error of the optimal
sensor design is less than 1.49% with a high moment to force specification (0.1 Nm/N).
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12 Finite Element Method (FEM)
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Table 2 Three different cases of initial design variables

Hpm (mm) t (mm) h (mm) b (mm) lod>
18 15 95 85 1
245 0.7 18 115 2
28 3 14 14 3

s abny >lrb sloyeiie 3 Joua
Table 3 Optimized design variables

J(X) Hm (mm) t (mm) h (mm) b (mm) lacdl>
1.4868 32.0008 0.7194 15.7479 15.8961 1
1.4861 32.0007 0.7170 15.7480 15.8963 2
1.4855 32.0006 0.7183 15.7478 15.8960 3

* Global

10 oplaids 17 095 1396 (53 (e Silse wiso



M1 s 9 39008 puindl

JA1a3 slba Hials B3 b ablile Gl juiiw 3id (5 )wdisg 9 090 b Y9l /9 a5 S ) S dulio Sl (o b Sl

Hm (mm)

35 |
33 |
31t
29
27 | - £~ case?
25
23
21
19

17

—o—Casel

O case 3

001 2 3 4 5 6 7 8 9 1011 12 13 14
Itration number

Fig. 12 Iteration history of design variable Hp,

@

(b)

(©

(d)

NODAL SOLUTION
STEP=1

SUB=1

TIME=S5 (sec)

SEQV (AVG)
DMX=0.346E-05 (m)
SMN=24172.8 (Pa)
SMX=0.919E+08 (Pa)

S5 52 5l e Him (b jiie e 12 IS0

————
24172.8 .204E+08 .408E+08 .613E+08 .919E+08(Pa)

NODAL SOLUTION
STEP=1

SUB=1

TIME=5 (sec)

SEQV (AVG)
DMX=0.402E-05 (m)
SMN=9946.63 (Pa)
SMX=0.591E+08 (Pa)

_——
.131E+08 .263E+08 .394E+08 .591E+08(Pa)

NODAL SOLUTION
STEP=1

SUB=1

TIME=5(sec)

SEQV (AVG)
DMX=0.559E-05 (m)
SMN=25328.3(Pa)
SMX=0.686E+08 (Pa)

9946.63

— .
25328.3 .153E+08 .305E+08 .457E+08 .686E+08(Pa)

NODAL SOLUTION
STEP=1

SUB=1

TIME=5 (sec)

SEQV (AVG)
DMX=0.403E-05 (m)
SMN=0.02447 (Pa)
SMX=0.360E+08 (Pa)

—_———————
102447 .800E+07 .160E+08 .240E+08 .360E+08 (Pa)

10 o pleis 17 095 1396 5o (o3 SHlke (Sw e

3.5

—o—Casel
- £1--case 2

3
G @+ case 3

t (mm)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Itration number
Fig. 11 Iteration history of design variable t

S5 5o 3l o € bl et e 11 S0

NODAL SOLUTION
STEP=1

SUB=1

TIME=5 (sec)

SEQV (AVG)
DMX=0.346E-05 (m)
SMIN=24172.8 (Pa)
SMX=0.919E+08 (Pa)

24172.8  .204E+08 .408E+08 .G13E+08 .919E+08(Pa)

NODAL SOLUTION
STEP=1

SUB=1

TIME=S5 (sec)
SEQV (AVG)
DMX=.402E-05 (m)
SMN=9946.63 (Pa)
SMX=.591E+08 (Pa)

9946. 63 .131E+08 .263E+08 .394E+08 .591E+08 (Pa)

NODAL SOLUTION
STEP=1

SUB=1

TIME=5(sec)

SEQV (AVG)
DMX=.559E-05 (m)
SMN=25328.3 (Pa)
SMX=.686E+08 (Pa)

25328.3  .153E+08 .305E+08 .457E+08 686E+08(Pa)

NODAL SOLUTION
STEP=1

SUB=1

TIME=S5 (sec)

SEQV (AVG)
DMX=0.403E-05 (m)
SMN=0.02447 (Pa)
SMX=0.360E+08 (Pa)

.02447  .800E+07 .160E+08 .240E+08 360E+08(Pa)

162



ST s 9 (9L (yaidadl J3135 lba hals’ 338 b abliio Lo pitw 34 S lsdisg 9 0 9o il YoliuhiS /95 Sla )Suwa S dulie Gl (o b Sl

NODAL SOLUTION NODAL SOLUTION
SUB=1 SUB=1

TIME=5 (sec) TIME=S5 (sec)

SEQV (AVG) SEQV (AVG)

DMX=0.137E-04 (m)
SMN=24570 (Pa) /|
SMX=0.201E+09 (Pa) {

DMX=0.137E-04 (m)
SMN=24570 (Pa) |
SMX=0.201E+09 (Pa)

©)

=

——— C
24570 .498E+08 .996E+08 .149E+09 .201E+09 (Pa) 24570 .498E+08 99GEr08 .149E109 201E+09 (Pa)

Fig. 13 FEM results of the optimally designed six-axis F/T sensor under each individual force and torque by scale factor 1000: (a) Fx = 400 N,
(b) F, =800 N, (c) My =40 Nm, (d) M, =40 Nm and (e) All allowable forces & torques simultaneously
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Table 4 Elements of dimensionless compliance matrix C and cross coupling error of optimum design calculated by FEM

M, = 40Nm My = 40Nm My = 40Nm F, = 800N Fy = 400N Fx = 400N oylets
(CC)is Cis (CC)is Cis (CC)ia Cis (CC)is Cis (COi2 Ciz (CCYu® Cu® o s
(%) (Hm/m) (%) (Hm/m) (%) (Hm/m) (%) (pm/m) (%) (m/m) (%) (m/m) (i)

-0.00 -0.0000 -1.49 -0.742 0.0009 0.0004 0 0 0.0053 0.0027 — 49,9418 1
-0.00 -0.0000 0.0009 0.0004 1.4868 0.7425 0 0 — 49,9418 -0.0053 -0.0027 2
0.000 0.0004 0.0000 0.0000 -0.000 -0.000 — 62.043 0 0 0 0 3
0 0 0.0000 0.0001 — 123.49 0 0 -0.281 -0.3464 -0.0000 -0.0000 4

0 0 — 123.49 -0.000 -0.000 0 0 -0.000 -0.0000 0.2805 0.3464 5
— 69.622 0 0 0 0 -0.00 -0.000 0 0 0 0 6
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