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This paper analyzes the task-oriented design method of six-axis force sensor and proposes the task model
of the sensor. The task mathematical model of the sensor is established based on the idea of task ellip-
soid. The models of force ellipsoid and moment ellipsoid are also established. The relational expression
between the task model and ellipsoid model of sensor is obtained. Then, a fully pre-stressed dual-layer
parallel six-axis wrist force sensor is proposed, whose static mathematical model is also established. The
sensor task model for assembly work is proposed and the analytical expression between the sensor struc-
ture parameters and task model is deduced. According to the assembly work, the sensor structure is
designed specifically, and the specific structure sizes of the sensor are obtained. Then the new sensor
prototype manufactured for peg-in-hole assembly is processed. The calibration experiment and peg-in-
hole assembly experiment on the prototype are completed and each performance index is well examined
by the experiment results. The experiment results also lay the foundation for the practical application of

six-axis force sensor.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

With the ability of measuring three-component force and three-
component torque, six-axis wrist force sensor has been one of the
most important sensors in robot force control and force position
control. Parallel mechanisms possess the distinguishing advantages
of stability, high rigidity, carrying capacity, no error accumulation,
accuracy and inverse solution easily [1], and the parallel mecha-
nism ideas are introduced into the design of the force sensitivity
element structure of six-axis force sensor by many scholars. Gaillet
and Reboulet [2] proposed the six-axis force sensor based on Stew-
art platform in 1983. Chen [3], Kerr [4], Nguyen et al. [5], Ferraresi
et al. [6], Xiong [7] had researched the design problems of Stewart
platform-based force sensor. Meanwhile, Romiti [8], Sorli [9], Kerr
[10], Kang [11] developed the Stewart platform-based force sensor
prototype. Gao et al. [12] designed a miniature six-axis force sensor
which is used for the robot wrist and finger based on the design
idea of elastic hinge instead of spherical pair. Dwarrakanath [13]
designed a Stewart platform based force-torque sensor with a cir-
cular sensitive element, and then a Stewart platform-based force
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sensor [14] was designed based on one-way constraint and point
contact. Ranganath et al. [15] designed a force-torque sensor based
on a Stewart platform in a near-singular configuration from the an-
gle of the sensor sensitivity. Pacchierotti et al. [16] presented a par-
ticular peg-in-hole application that a complex robotic hand using
with sensor is considered to return the force of the object to the
haptic master. Jia et al. [17] designed a new six-axis heavy force
sensor based on the Stewart platform structure.

It's a very complicated problem to do the structure optimization
for the parallel structure six-axis force sensor, and many factors
need to be considered for its design and applied research. There-
fore, a reasonable optimization principle is the basis of the op-
timization design and performance evaluation. Unfortunately, the
optimization principle is still difficult due to the relative complex-
ity of the six-axis force sensor, although the definition of perfor-
mance index of conventional one-dimensional force sensor is fairly
standard. In the past, the researches mainly focused on the sensor
itself, rather than associated with the tasks. Actually, the structure,
size and performance of sensor should be suitable for the execu-
tion of the prescriptive tasks.

Currently, most scholars conducts structural optimization de-
sign mainly basing on the isotropic principle, and the isotropic is
regarded as an important performance index of six-axis force sen-
sor structural evaluation [7,18-21], such as force isotropy, torque
isotropy, sensitivity isotropy, fully isotropic, etc. These indices are
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obtained from the sensor itself without considering the specific
and actual situation. Sensor is used to perform a certain task, such
as peg-in-hole assembly, planar contour tracking, bolt into the hole
and grasping, where sensor does not necessarily need isotropic
structure. Actually, those task models are not spherical but ellip-
soidal, while the isotropic is not optimal [22]. Therefore, according
to the applications of six-axis wrist force sensor, the task model
of sensor is established. The sensor elastomeric structure based on
the performance evaluation criterion of the task model is also de-
signed. The configuration, structure, size and performance suitable
for the specified task are obtained, which have important signif-
icance for the design and application of the six-axis wrist force
Sensor.

In this paper, the mathematical model and task model of six-
axis force sensor are established, and the analytical expression be-
tween the task ellipsoid and the force ellipsoid is deduced. Besides,
the sensor’s whole structure is designed based on the task model
of the peg-in-hole assembly. Then the structure parameters of sen-
sor are calculated. Furthermore, the sensor prototype is manufac-
tured and the experiment of the peg-in-hole assembly is carried
out.

2. The method of establishing the sensor’s task model
2.1. The establishment of the task model

Sensor task model can be regarded as a set of generalized force
which meets the task requirement. Sensor task model is divided
into two cases: the known task and unknown task. The known
task model is corresponding to the case that the requirement of
measuring task is clear, and it can be described particularly with
a set of force wrench. Whereas, the unknown task model is corre-
sponding to the case that the requirement of measurement task is
unknown and it can’t be described with the set of force wrench.

2.1.1. The establishment of the known task model

For grasping planning, Li and Sastry [22] used task ellipsoid to
model the known grasp task and the similar way also can be used
to describe mathematical model of the known task [7]. Task model
built in the reference [7] is a hyper-ellipsoid of combining force
with moment. However, in this paper, the task model is divided
into task force ellipsoid model and task moment ellipsoid model,
respectively.

The general expression of the task force ellipsoid in sensor task
coordinate system can be obtained as

a1 FGy + @FGy, + a3FG, + QaFarxFory + asForyForz + sForeFerx + 7Fox

+agFgry + gk, + a10 < 0 (1)
where Fgy, Fgry and Fg, represent three orthogonal force compo-
nents, and g; (i=1, 2,...,10) represents real coefficient.

Eq. (1) can be rewritten as
a1 (Feex — Ure)? + a2 (Fory — Vrge)? + a3 (Foez — Wrar)?

+ a4 (Foex — Uree) (Foey — Vree) + a5 (Fgey — Veee) (Foez — Weer)

+ as (Foez — Wrar) (Foex — Urge) +ann < 0 (2)
where (upg:, Vrgr, Wrge) represents the center of task force ellip-
soid,

Upge = *(2‘120609 —4aya;a3 — Agasag — (40509 + 2040303 + aﬂ%)/(”»mr),
Upgt = (—2010509 + 4010303 + g0y + Ag0s07 — AZds — 2070403)/ (2hrcr).

4aZasoa; — aak — 44509070, + 206050705 — 4060100405
ay = | +2060409a3 — 16050100103 + 400303 + 4aya,a3 — aa? + 4a,aka;
—4a1a90503 + 4019020, — 403070403 + 204090507 + 4a19a3as — a2a’
(4AFct),

2
Wrge = (—2a60207 — 0309 + (40507 + A40603 + 4020109 — 2a5010g)/ (2Arct ),

ApGe = aﬁa3 —4aa a3 + aéaz — Q40506 + a%al.

Similarly, the general expression of the task moment ellipsoid
in sensor task coordinate system can be obtained as

biM2,, + bZM%[y + b3sM2,, + baMcexMary + bsMaryMe,

+ bsMcizMcix + b7Max + bsMety + boMgr; + bio < 0 (3)
where Mgy, Mgy and Mg, represent the three orthogonal moment
components, and b; (i=1, 2,...,10) represents real coefficient.

Eq. (3) can be rewritten as:
b1 (Mctx — tmce)* + by (Mery — Ume)* + bs (Mcrz — Wher)?
+ba(Metx — umcr) (Mary — Unmat) + bs (Mcey — vmcr) (Maez — Wwiar)
+ bs (Mctz — Whicr ) (Mgex — Unmce) + b1 <0 (4)
where (Upcr, Vmcs Wmge) represents the center of task moment
ellipsoid;
une = —(2b2bgbg — 4bb7bs — bbsbs — babsbg + 2bsbgbs + b7b3) / (2Awmct).
Unce = (—=2b1bsbg + 4bybgbs + bsbabg + bgbsb; — babg — 2b7babs)/(2Amce ),
Watge = (—2bsbaby — b3bg + babsby + babgbs + 4bsb1bg — 2bsbibs) / (2Auce).

4b2b1oby — b2B2 — Abgbobsby + 2bsbsbbs — Abgbiobabs
by =| +2bgbsbgbg — 16byb19b1bs + 4b2b3b% + 4b2b1b523 — bibg + 4b1b§b3 /
—4b1bgbsbg + 4b10b§b1 — 4bgb7b4bs + 2bsbgbsb; + 4b10bib3 — béb%
(4mcr),
Avce = bib3 — babybibs + b%bz — bybsbg + b%b]

Egs. (2) and (4) can be written in matrix form as:

F(CreCreeFor < 1 (5)
M—étc-]l\-/thCMGtMGt = 1 (6)
where
Fei = [Fowx — UreFory — VrciForz — Wre ]
aq 04/2 (16/2
CGoCra=—g-10a/2 a as/2|,
06/2 (15/2 as

Mc; = [MGtx — upmeeMery — VmeeMer, — WMGt] ,

by bs/2  bg/2
ChiciCmict = —,,17 bs/2 by  bs/2

As matrix C}GtCFct is a real symmetric matrix, we have (1)-( 7)
with the orthogonal diagonal factorization of the matrix.

CloiCrar = Qrardiag(Arcexs Arceys Arcez) Qg
= [QroxQratyQraezldiag(Arcex, Ay Arcez)[QraexQratyQraezl™ (7)

where Argex, Argry and Agge, represent the eigenvalues of matrix
C}GtCFG[, and the square roots of their reciprocal are half the length
of the sensor’s task force ellipsoid spindles, respectively. The three
column vectors of matrix Qpg constitute a complete orthonormal
feature vector system of matrix C—I-EGthGf‘ which represent the di-
rection of the task force ellipsoid’s three spindles, respectively.

Similarly, we have Eq. (8) with the orthogonal diagonal factor-
ization of the matrix:

Chic:Cvce = Quicediag (Amcex. Amcry, Amcez) Quyge
= [ QuicexQuicey Quiez Jdiag (Ancex, Amcey: Amcez) [ QuicexQuicey Quicez]"
(8)

where Ay Amcry and Ayge, represent the eigenvalues of matrix
CTMGtCMGt, and the square roots of their reciprocal are half-length of
the sensor’s task moment ellipsoid spindles, respectively. The three
column vectors of matrix Qpg; constitute a complete orthonormal
feature vector system of matrix CTMGtCMGt, which represent the di-
rection of the task moment ellipsoid’s three spindles, respectively.
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