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Abstract

High sensing resolution is required in sensing of surgical instrument motion in micromanipulation
tasks. Accelerometers can be employed to sense physiological motion of the instrument during
micromanipulation. Various configurations of accelerometer placement had been introduced in the
past to sense motion of a rigid-body such as a surgical instrument. Placement (location and
orientation) of accelerometers fixed in the instrument plays a significant role in achieving high
sensing resolution. However, there is no literature or work on the effect of placement of
accelerometers on sensing resolution. In this paper, an approach of placement of accelerometers
within an available space to obtain highest possible sensing resolution in sensing of rigid-body
motion in micromanipulation tasks is proposed. Superiority of the proposed placement approach is
shown in sensing of a microsurgical instrument angular motion by comparing sensing resolutions
achieved as a result of employing the configuration following the proposed approach and the
existing configurations. Apart from achieving high sensing resolution, and design simplicity, the
proposed placement approach also provides flexibility in placing accelerometers; hence it is
especially useful in applications with limited available space to mount accelerometers.
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1. Introduction

To improve micromanipulation accuracy of surgeons, a number of engineered devices or
systems have been or are being developed. These include telerobotics systems [1][2][3],
steady-hand robotics systems [4], and hand-held active tremor compensation instruments [5]
[6][71[8] which have been under research and development for a few years. The instruments
have three main parts: sensing, filtering or processing of sensed data, and manipulation.
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Accurate sensing of the tremor motion of the surgical tool attached to the distal end of the
instrument is important for effective compensation for the tremor [9][10].

In the instruments described in [6][7][8], motion of the surgical tool is calculated by rigid-
body kinematics using micromachined inertial sensors. Inertial sensors are employed
because they do not have line-of-sight problem which exists in other sensing modalities such
as optical-based sensing, ultrasonic-based sensing, etc. Micromachined type inertial sensors
are chosen due to their compactness in size, light in weight, and cheapness. In earlier
instrument prototypes [6][7], micromachined accelerometers and gyroscopes are used for
sensing three degrees-of-freedom (DOF) translational motion and three DOF angular motion
respectively. In the successive instrument [8][11], only accelerometers are employed since it
is found out that angular sensing resolution provided by micromachined gyros is poorer than
that derived from micromachined accelerometers for a given space inside the instrument
[11][12]. However, it is stated in [8] that sensing resolution of the hand-held instrument is
still poor to have effective compensation. This might have resulted from non-optimal
placement of accelerometers in the instrument. Therefore, the authors performed literature
review on angular motion sensing using only accelerometers to find accelerometer
placement which provides better sensing resolution.

The concept of the viability of the use of linear accelerometers to measure angular motion of
a rigid body is introduced in 1965 [13]. A number of researchers contribute towards the
improvement of the original concept [14][15]. There seem to be little progress in this area of
rigid body motion detection using accelerometers from 1979 until 1994 when an original
cube configuration of placement of six accelerometers, the minimum number of
accelerometers required to detect six degrees-of-freedom (DOF) motion of a rigid body [16],
is introduced by Chen et al. [17]. Several researchers have been working on the
improvement of gyro-scope free inertial navigation systems (GF-INS) based on the original
cube configuration [18][19][20][21][22]. However, there is little or no literature or research
on the effect of accelerometer placement on motion sensing resolution/precision.

The use of the cube configuration is neither feasible nor yields highest possible sensing
resolution in some applications such as tremor compensation owing to space constraints: the
space available is not in cube shape. In these situations, researchers have to seek for other
accelerometer placement configurations within the given space constraints [8][11][23]. The
configurations are not optimal in terms of resolution. There are no guidelines or rules from
the view point of precision for the general placement configuration of accelerometers to
detect six DOF motion of a rigid body. For example, for a given same space available, three
different accelerometer placement configurations involving six accelerometers to detect six
DOF motion are shown in Figure 1. All the three placement configurations can provide six
DOF motion sensing. The configuration on the right is the cube configuration introduced by
Chen et al. [17]. However, it is not obvious which one would provide the highest angular
sensing resolution.

Therefore, it is necessary to find out and propose accelerometer placement configurations to
yield high sensing resolution without having to restrict the design to the cube configuration,
thereby allowing the highest possible sensing resolution for a given space constraint.

2. Placement of Accelerometers

In this section, propositions for placement of a pair of two accelerometers to detect an
angular acceleration component (one DOF angular acceleration) with the highest possible
angular acceleration resolution (i.e., the lowest possible angular acceleration sensing noise)
in micromanipulation tasks, and proofs of the propositions are described. To detect all the
three angular acceleration components, two more pairs of accelerometers can simply be
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employed. To reduce the number of accelerometers required to a minimum, sensing of the
other two components (two DOF angular acceleration) only with three accelerometers is
described. To minimize sensing noise of these two components, constrained optimization
using the space constraints is proposed. Placement configurations for sensing three DOF
angular motion, and six DOF motion are then presented.

2.1. Propositions for one DOF angular acceleration

Only a pair of two accelerometers is required by the proposed placement to sense a
particular angular acceleration component. The two accelerometers must be placed so that
their sensing directions are the same (i.e., their sensing axes are parallel to each other). The
propositions are as follows.

Proposition (i): Separation distance along a principal axis (i.e., perpendicular distance)
between the two sensing axes of the accelerometers must be as large as possible. (d; in
Figure 2 represents the separation distance) A square box is added in the figures for
better visualization of placement of accelerometers, and representation of space
available.

Proposition (ii): The two accelerometers must be placed in a way that their sensing
axes form a plane perpendicular to the principal axis about which the angular
acceleration is calculated. The line which passes the two accelerometers should be
perpendicular to the sensing axes to keep the negligible error minimum. Even if it is not
perpendicular, the added error can still be negligible. The accelerometers shown in
Figure 2 (b) form a perpendicular plane, but the line passing through them is not
perpendicular to their sensing axes. The accelerometers shown in Figure 2 (c) do not
form a perpendicular plane and hence the placement does not satisfy the proposition ii.
(do in Figure 2 represents an offset distance which prevents the accelerometer axes from
forming a perpendicular plane.)

The placement that does not satisfy (ii) will require knowledge of another angular
acceleration component in the calculation of a particular angular acceleration component
resulting in more noise in the angular acceleration, or requiring more accelerometers. The
amount of extra noise is dependent on the amount of the offset.

2.1.1 Proof of propositions—The total accelerations, A;, each accelerometer at {i}
senses include the inertial acceleration of the body, Ay, the gravity, G, and the rotation-
induced accelerations: the centripetal acceleration, Aj,c, and the tangential acceleration, Ajr.

AizA,N+G+Ai/c.+A =1, 2;

i b

A=A, +G+ OAX (QXR)+a xR

Rotationinduced accelerations

where all the variables are relative to the body frame {B}, O=[ w. w, w; ]T is the
angular velocity vector, R is the vector from the unknown instantaneous center of rotation to

the point of sensing, and a=[ o, @, «; ]T is angular acceleration vector. The
symbolxrepresents a cross-product operation.

Taking the difference between the accelerations readings at {i} and {j}, the non-rotation
induced acceleration components A;y and G are eliminated, since the linear inertial
acceleration of the body and the gravity should be identical at different locations,
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A,:,':Aj —A=Q X (Q X P,:,‘)*HY X Pij 3

T . . .
where , Pi=L pij, pij, Pi. 1 is position vector from {i} to {j}.

Negligible Centripetal Acceleration: In this section, it is described that the centripetal
acceleration term is negligible with the proposed placement and hence it can be ignored.
Expanding (3) into component-form,

aj, aj, - a, Wy Wy Pij, @y P,
aij, |=| aj, —a, wy | X(| wy, |X| Py P+H| ay | X| Py 4
dij, aj, — di Wz | - Wy - Py Q; | Pijz
Solving the above equation,
aj, —di, Wy Pijy = 0y, Pijt 0, Pij; — 00 Pijy ayPijz — a:Pijy
aj, —aj —W W Pijy+w wy Pij+wyw Pij; — 0w Py, |+ —aPij+a P 5
aj —a — Wy Wy Pij+ W Pijy — WywyPijz+wyw Pijy axPijy — ayPijy

It can be seen that as long as accelerometer placement follows the proposition (ii), only two
terms consisting of the separation distance exist: one for centripetal acceleration and one for
tangential acceleration. For example, accelerometers having sensing direction along X-axis,
with separation distance along Z-axis, equation (5) becomes

aj, — aj, =Ww;Pij+ayPij; (5.a)

In micromanipulation tasks, angular velocity is relatively very small comparing to angular
acceleration. It is described in [24] statistics of angular velocities and angular accelerations
of a hand-held instrument during representative micromanipulation tasks. It is reported that
average amplitude of angular velocities during micromanipulation tasks is less than 0.05 rad/
s while that of angular accelerations is 4 rad/s2.

Substituting these values into centripetal and tangential acceleration terms in equation (5.a),
it can be seen that the centripetal term is about 1600 times smaller than the tangential term,
and hence the centripetal term can safely be ignored since the error due to ignoring the
centripetal term is only 0.06 %. If the line passing through the accelerometers is not
perpendicular to their sensing axes due to the offset along the sensing direction (i.e., d3 # 0
as shown in Figure 2(b)), then it can be seen that there are two more terms consisting of the
offset distance, ds. For a pair of accelerometers having sensing direction along X-axis, and
separation distance along Z-axis, Pjj;, equation (5) can be written as

aj — a; =wyw,Pijj+w,w,Pij; — w.w,Pyj+a,Pj; (5.b)

Since wqwy, d =X, Y, or z; is so small, the error due to these terms can still be ignored.
Therefore, equation (3) can then be written as

A,'j=Aj —Ai=a X P’I 6

In component-form, equation (6) can be written as
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ajj, aj, —aj, ayPij — Py
aj |=| aj, —ai |=| —a<Pj+aPy
aij, aj, —di, axPy, — ay Py,

Proof of proposition (i): Let us assume accelerometer placement in Figure 2 (a) or (b).
Taking the difference between the accelerations readings at {1} and {2}, and using (7),

] ayPro, — a Py, (l’yd}
=| —a Py, +aP, |=| —ad —a.d;
ap, —ay, @ P12, — ay Py, ayd,

where the symbol « denotes undefined quantity.

From the last row in (8), ay is obtained as

az —dj.
@y=— z
) dl

It can be written in general for a pair of accelerometers having their sensing direction inr -
axis (r=x,y, orz) as

dap —dj,

r r

Ag=
q
Ll]

where q=x,y,orz;and g #r.

From (10), root mean square (RMS) noise of angular acceleration component, Tgq CanN be

written as
i) 2
A /O’E‘-I-O'T_

a, = dl

where ag,_ and 0'%, are variances of noise outputs of accelerometers. The equation (11) is
obtained from (10) using a random variables theorem. The random variables theorem used is
stated as follows:

For X1, Xo,..., Xy be n mutually independent normal random variables with means x4, u, ...,
n
: 2 2 2 ; LY=p CiXi
up and variances oy, 0, . .., o, respectively, if 45 then the mean of Y, uy, and

=

variance of Y, 0-)2, respectively are

n n

2 2 2

,uyzzc,ﬂ,- and (r):ZCi o
i=1 i=1

In equation (11), the values of 0'5, and cri (accelerometer outputs noises) are fixed.
Therefore, to minimize Toq separation distance (d;) between accelerometer {1} and {2}
must be maximized and hence the proposition (i) is proven.
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Proof of proposition (ii): In Figure 2 (c), sensing axes of accelerometers do not form a
plane perpendicular to the principal axis about which the angular acceleration is calculated
(i.e., P12y # 0). Then, equation (8) becomes

L4 (IyP]g: - (I/ZP]Q‘ a)-d3+(lzdg
o = ——a’_\rP13‘_ +a/ZP12X = —-azdl - a/‘\-dg,
az. —daj, (I>\-P12v - (Y.\«PIZ‘ —(x\-d2+aryd1

From the last row in (13), angular acceleration about Y-axis, ay, is obtained as

aydy ax —ai,

R a4,

It can be written in general for a pair of accelerometers having their sensing direction inr -
axis (r=x,y, orz)as

afjd')_ dp, —dj,
+—

Y= 4

where q=X,y,0rz;s=x,y,orz;and q#r#s.

Its RMS noise becomes

\/(dg()'m )2+a'§ _+0'%

Ta,= a

Comparing equation (10) to (15), another angular acceleration component, ag, is required in
(15) to get the solution. Consequently, comparing equation (11) to (16), (16) contains one

\/(dztms)z

more term — ;— which will cause extra noise in the angular acceleration component
(ag), if o, is independent of o5, and oy, If it is independent, then the amount of extra noise
depends on the values of d; and ds, and noise in as. However, if the two sensing axes of the
accelerometers are on the plane, d, becomes zero and extra noise is eliminated, and hence
proposition (ii) is proven.

It can be seen in configurations for sensing three DOF angular motion in section 2.3.1 that
calculation of the other two components (two DOF angular acceleration) is independent of
accelerometers used for sensing one DOF angular acceleration. That means different pair of
accelerometers are used for calculation of required angular acceleration component, (g, and
noise of the required angular acceleration component (o) is independent of the two
accelerometers (oo, and o).

2.2. Constrained optimization for sensing two DOF angular acceleration

Sensing of two angular acceleration components can be performed by simply using two
more pairs of accelerometers following the propositions, with each pair sensing a different
component. However, that is not optimum in terms of the number of accelerometers
required. To reduce the number of accelerometers required to a minimum, placement of
three accelerometers having the same sensing direction such as the one shown in Figure 3 is
proposed. Sensing axes must be perpendicular to the axes about which the angular
accelerations are calculated.
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To achieve the lowest possible noise, constrained optimization based on the space
constraints is proposed. For the constrain optimization, angular acceleration components are
formulated with parameters, Pjj,, representing distances between accelerometers.

Using the equation (7), following equations are obtained.

ay —dap=— Ol_\-Pu:-l-(ZZP[g‘\

¥

a3 —dap=— (Z_\-P13:+(ZZP]3\

A

Solving these two equations, ay and oy are obtained as

Pyp.a3 +(P13, — Py )ay, — P13 as,
o= . . :
! Py3 P1a, — P12 Py3,

Pip.a3 +(Py3, — Pro)ar, — Pra.ag,
P3P, — P12, P13,

;=

RMS noise of ay and «;, are written as

2 N
\/PQV“O'% +(P13, — P]Q\)"O’% +P13‘\20‘%V
Jy y <)

Pi3 Py, — Pyp Py3,

Oq,=

2 2 2 2 2 2
\/P]Z; 03 +(P13, = P12.)"0y +P13.7075,

P13 Py, — P13, Pi3,

T =

As can be seen from (21), and (22), the parameters P15, P12,, P13,, and P13, determine the
noise level. However, it is not obvious to say what values they should be to minimize the
noise level, and the values of the parameters are constrained by the available space.
Therefore, constrained optimization is proposed. Since minimizing noise level in one
component with respect to the parameters might cause the noise level in the other
component to increase, vector of the noises of the two components should be used as the
objective function for minimization. The noise vector of the two components is

— 2 2
Ta=1/0q, +(r<y:

The levels of the noise vector at different values of the parameters can be evaluated, and the
minimum values can be found with the corresponding values of the parameters. The ranges
of the values of parameters depend on the dimensions of the space available. Once the
ranges are defined, an optimization method can be employed.

2.3. Placement configurations for higher DOF motion

In the previous sections, placement configurations for sensing one DOF and two DOF
angular accelerations are described. In this section, combination of these configurations for
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sensing the complete angular acceleration vector (i.e., three DOF angular acceleration), and
configurations for sensing six DOF motion are described.

2.3.1 Three DOF angular motion—Three DOF angular motion sensing is achieved by
combining placement configurations for sensing one DOF and two DOF angular
accelerations. It should be noted that placement design for sensing one DOF angular
acceleration is independent of that for sensing two DOF angular acceleration, and vice versa.
The only requirement, called “orthogonal requirement”, is that sensing axes of the two pairs
of accelerometers must be orthogonal to each other, and separation distance of the pair with
two accelerometers must be orthogonal to the sensing axes of the other pair. If the placement
does not fulfill the orthogonal requirement, sensing of three DOF angular motion will not be
possible since the angular acceleration component sensed by the pair with two
accelerometers will be redundant with one of the two angular acceleration components
sensed by the pair with three accelerometers. An example of placement configurations
fulfilling orthogonal requirement is shown in Figure 4.

In both configurations shown in Figure 4, placement of the two pairs of accelerometers
fulfills the orthogonal requirement. While a;y, apy, and agy pair senses two DOF angular
acceleration (ay and «;), the other pair of two accelerometers (aj; and ay; pair in Figure 4(a),
and ayy and ayy pair in Figure 4 (b)) senses one DOF angular acceleration (ay). Optimal
locations of accelerometers a;y, azy, and azy can be found by optimization based on the
space constraints.

Configurations shown in Figure 5 do not fulfill the orthogonal requirement, and hence they
can only sense two DOF angular acceleration (ay and a; in both configurations). To sense
three DOF angular acceleration, additional accelerometer(s) would be necessary.

Proof of proposition (ii) in the whole system: In section 2.1.1, it has been mentioned that
placement of a pair of two accelerometers must form a perpendicular plane. If they do not
form a perpendicular plane, another angular acceleration component is required. In this
section, it is shown that calculation of this another component required is independent of the
two accelerometers pair, and hence extra noise appears due to additional accelerometers.

The configurations in Figure 6 fulfill the orthogonal requirement since the separation
distance of the pair with two accelerometers is perpendicular to sensing axes of the other
three accelerometers in each configuration. In Figure 6 (a), and (b), the required angular
acceleration components are ay and a;, respectively. As in (14), for the pair in Figure 6 (a),
angular acceleration component calculated by the pair is written as

axdy dr. —di.

24

25

26

DTy 4,
Using ay from (19), oy in (24) can be written as
P, dras, (P13,da — Po da)ay, Pz doas, ay. —ay.
ay= + z__ +—= :
Y (P13, P1a. — P12, P13)dy (P13, P1a. — P1o P13)dy (P13, Pra. — P1o,P13.)d; d
Its RMS noise becomes
Ph &%, (Pi3, = Pp)’dr’oy, Pl d’oy o3+,
Oa,=\| 7 55t > 5t T2t
’ (P13, P12, — P12, P13.)°d] (P13, P12, — P12, P13.)°dy (P13, P12, — P12, P13.)°d; d;
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It can be seen from (26) that the amount of extra noise depends on the amount of the offset
distance d,, and the parameters, Pjj4: P12,, P13,, P12,, and P13, and the noise levels of the
three accelerometers. If the offset d is zero, then the noise will be minimum regardless of
the values of the parameters, and the noise levels.

In general for all the configurations meeting the orthogonal requirement, it can be stated that
if sensing axes of the pair with three accelerometers are in the direction of g - axis, then they
can provide two angular acceleration components, a,, and a,, while the pair with two
accelerometers provides aq, where r =x,y, 0rz; u=x,y,0rz; q=x,y,orz;and r # u # q.
Therefore, another angular acceleration component required due to the offset is either «,, or
oy- In either case, since it is calculated using the three accelerometers, the offset distance, dy,
would cause more noise terms appear in the RMS noise equation, meaning RMS noise
would be more due to d.

The proposed placement configurations, which fulfill orthogonal requirement, for sensing
three DOF angular acceleration require only five accelerometers. Such placement
configurations can also sense two DOF translational motion along the sensing axes of the
accelerometers. Therefore, the total number of DOF that the accelerometers can sense is
five: three DOF angular motion, and two DOF translational motion.

2.3.2 Six DOF motion—In the previous section, sensing three DOF angular acceleration
of arigid body is described. To know three DOF acceleration at any point on the rigid body,
six DOF acceleration information is required. To sense six DOF acceleration, an additional
accelerometer having its sensing axis orthogonal to sensing axes of the existing
accelerometers is required. Location of the additional accelerometer can be anywhere in the
available space. Examples of such placement configurations to sense six DOF motion are
shown in Figure 7.

As in (19) and (20), ay and a; can be written as

Pp.a3 +(P13, — P12 )ay, — Pi3.ay,
B P13 P12, — P12, P13,

Qy

Ppp.az +(Pi3, — P )ar, — Pi3.az,
B Py3, P12, — P12 Pi3,

a;

The parameters Py, P13,, P12,, and P13, should be replaced with the values obtained from
optimization. As in equation (10) in section 2.1.1, @, can be written in general as

a, — 4y

ay=
’ P]ZD

whered =x, 0orz; D =x, or z; and d # D.

Using all the three angular acceleration components and acceleration in three orthogonal
directions, three DOF acceleration at any point on the body can be determined as follows.

Re-arranging (6),

AJ:A,‘+A,"]'=A,'+O’ X P,j

Expanding (30) into component-form,
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aj. = 4, +[)l‘]':(l’_‘, - p,'j‘.(I,:
clj.‘_ = 4 +p,:,'>\(l’,Z — pij\_ax 31
aj, = Qi tpijdx = Pij Ay

The equation shows that acceleration in a particular direction at an arbitrary point {j} on a
rigid body can be calculated using angular acceleration « and acceleration in the same
direction at another point {i} which is a known distance away, Pjj. For example, calculation
of three DOF acceleration at point P in Figure 7 (a) can be performed as follows.

ap, = ae, TPep. Ay — Pep, 'z
ap, = Gi+pip,az— Pip, «a;where i=1, 2, or 3. 32
aj.+pjp,ax — Pjp.ay;where j=1, or2.

Ap,

Substituting (27), (28), and (29) into (32), acceleration components at point P as a function
of the accelerometers are obtained as follows

_ 1. —ay, Pip.a3 +(P13.=Pi2.)ai,—Pi3.ay,
ap, = 46, FP6p. “p; ~ Pop, Pi3,Pio,—Pio, P,
Piy.a3, +(P13,—P12 Jai,—Pi3.a, Pioyaz +(Pr3,—Pio)ay, —Pisany,
a = a; +Pip. 2 5 — Pip. 3 - 33
Py y Px P13, P12.—P12, Pi3. Pz P13, Pi2.—P12, Pr3.
_ Piaaz +(Pr3 —Piay)ay,—Pis,ay, ap.—a,
dp, = aj.+Pjp, Pr3.Pr.—Pi. P13, Pjp s,

3. Placement of Accelerometers in Hand-held instruments

In this section, advantage of following the proposed approach in placing accelerometers is
shown by analyzing and comparing noise levels of angular acceleration obtained from
different accelerometer placement configurations in a hand-held microsurgical instrument.
For the sake of fair comparison, the same available space inside the instrument is used for
different configurations.

3.1 Micron Configuration

Three dual-axis accelerometers (i.e., six single-axis accelerometers) are employed in
“Micron”, a hand-held physiological tremor compensation instrument. The placement
configuration of accelerometers employed in Micron as well as the space available for
mounting accelerometers in the instrument is shown in Figure 8. The placement
configuration does not conform to the proposed configurations; hence the angular
acceleration noise might not be the least possible.

The differences between the accelerations readings at {1}, {2} and {3}, are obtained, as in
(6), as.

T
A13=A3—A1=0/><P13=[ ap, e e ] 35.a
A'_)3:A3 —A2:(1'XP23:[_ L] 623)_ L JT 35.b
T
A12=A2 _AIZG/XPIZI[ e o apn, ] 35.c
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where Pi=L pij, P, Ppi. | ,ij=1,2,3,isposition vector from {i} to {j}, which are
known values from the hardware design and calibrations. Equation (35.a) can be written in
component-form as

as, —ai, ax Pi3, @, —(d) —dr)
. = @y | X P13‘ = @y | X d
o a; Pys, a; ds

@, —a =ayd; — a;d>
Equation (35.b) can be written in component-form as

o ay Po3, [ d>

as, —ax |=| @y X P23\_ =] ay | X —(d, — d»)
. a; P23z @ d3

az, — a =azdr — axd3

Equation (35.¢) can be written in component-form as

. @y P, P2,
. =| ay [x]| P, |= a P,
ap, —a, ez 0 axPiz, — ayPr2,

az. — a1:=a/yd1 +O’A\-d]

Solving equation (37), (39), and (41),

—(a3, —a1) — (a3, —az) ay. —ay.
= L= :
’ 2d3 2d,

(a3, — a1 )+(as, — az‘.)+az, —ay,

ay=
Y 2ds 2d;

(a2, —a3)  dj(ar, —ay) a3z, —a,
. ! . a1 .

STk 2dhdy, 24

As can be seen from (42-44), calculation of angular acceleration about each axis requires
outputs of all the accelerometers, possibly resulting in more noise in the angular
accelerations.

3.2 Cube configuration

The cube configuration of accelerometer placement [20] in the instrument is shown in
Figure 9. The accelerometers can only be placed either inside the instrument handle or inside
the square box at the back-end of the instrument due to the symmetry requirement of the
cube configuration. Hence, the cube configuration cannot make full use of the space
available. The angular acceleration formulae are extracted from [20] and shown in (45).
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'y 1 a) —azxtas — dg

ay, |= —ay1+az —as — ag 45
) 2

a, ‘/:dl ar — az — ag+as

3.3 Proposed configuration

The configuration which is based on the proposed placement is shown in Figure 10.

As can be seen from the figure, the configuration is similar to the one shown in Figure 7 (a),
and consists of a pair of two accelerometers (ap; and a;,) for sensing one angular
acceleration component, and another pair of three accelerometers (aly, az,, and agy) for
sensing another two components. As can be seen from Figure 10, placement of ay; and a4,
pair conforms to the propositions since their separation distance is maximized while their
sensing axes form the perpendicular plane. Locations of the three accelerometers are
determined by constrained optimization using the space constraint. As in section 2.2, the
formulae for the optimization are derived from (7), and are as follows.

Piz.a3 +(P13, — P12 )ar, — Pi3.ay,
- P3Pz, — P12, Py,

@y 46

Pip.a3 +(P13, — Pio)ay, — Pz an,
a;= : — — 47
Pi3 P12, — P12, Py3,

For the space available in the instrument, the parameters P15, P12,, P13,, and P13, are
replaced with —kdq, Id1, —0.5d4, and nds, respectively, where 0 <k <1;0<I1<1;and0<n
< 1. RMS noise of ay and a, then become as follows

J&d?o? +(-0.52d}0t +0.5d))0,

Oa,= =0.5d,1d, +kd nd5
\/(ldl )2<r§‘_+(nd3—ldl )zrri +(nd3)* o2,
Oa.= Z0.54, I, +kdynd;

The noise vector of the two components, the objective function, is then obtained as

\J (kdy)* 03 +(k = 0.5)*d} 07 +(0.5d,)*03 +(d))*0% +(nds — Id1)* o} +(nd3)*0
Oq= - - - - -

48
(-mdld +kdnd.)*
After the optimization, the minimum noise is found atk = 1, I =0, and n = 1. The formulae
then become
—a3 +0.5a; +0.5a;,
A= - - 49
d3
ay, —az,
az—d—l 50

As in (8), angular acceleration about Yg axis is written as
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dy; —djz; dz; —djz
Qv= — = 51
y Pios d

3.4 Experiments and Results

A hand-held tremor compensation instrument called “Micronll”” having the same dimensions
as Micron is developed with the sensing part as shown in Figure 11. The placement of
accelerometers in the sensing part is according to proposed configuration shown in Figure
10. Accelerometers employed are dual-axis miniature MEMS accelerometers (ADXL203,
Analog Devices, USA).

Outputs of the accelerometers placed inside the instrument are obtained and are put in the
equations (42-44), (45) and (49-51) to obtain angular accelerations for Micron configuration,
cube configuration, and proposed configuration, respectively. Each accelerometer output has
RMS noise of approximately 10 mm/s2. Since the instrument is stationary, the ground truth
angular acceleration is zero. Therefore, angular accelerations obtained from the equations
are due to noise. Angular acceleration noises obtained in different configurations are shown
in Figure 12, Figure 13, and Figure 14.

Table 1 shows comparison of RMS noise of angular acceleration of all the configurations.
Table 2 shows amount of angular acceleration noise reduction by the proposed
configuration. The calculation of amount of noise reduction comparing to Micron and Cube
configurations is based on the following formula.

M___" % 100%for Micron configuration

M

, and

C NI’

X 100%for Cube configuration
.

where Np, Nj, and N¢ are RMS of noise in angular acceleration vector in proposed
configuration, Micron configuration, and Cube configuration, respectively.

To confirm correctness of the derivation and hence the angular acceleration formulae
described in (49-51), an experiment is conducted. The instrument (Micronll) is placed on a
one-degree of freedom rotating arm as shown in Figure 15. The distal end of the sensing part
is attached with a non-reflective black color rod. The tip of the rod is attached with a
reflective ball whose location is sensed using a micro motion sensing system, M2S2 [25][26]
[27]. The location of the ball with respect to the center of rotation of the rotating arm is
known.

Rotational motion of the instrument is produced by shaking the rotating arm horizontally
back-and-forth. The rotational acceleration of the instrument is calculated from the M2S2
measured positions of the ball which is attached to the instrument. The measured position of
the ball is then double-differentiated to obtain the ball acceleration which is further divided
by the distance from the location of the ball to the center of rotation to obtain angular
acceleration. Since the angular acceleration obtained contains noise due to the
differentiation, offline zero-phase band-pass filtering is performed using a 4! order band-
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pass filter having a pass-band of 1-5 Hz. The filtered angular acceleration is used as a
ground truth angular acceleration.

Plots of comparison of ground truth angular acceleration about Xg axis and the calculated
angular acceleration about Xg axis obtained using the equation (49) and the acceleration
readings from the accelerometers in Micronll are shown in Figure 16. The calculated
angular acceleration from Micronll is also filtered using the same band-bass filter used in
obtaining the ground truth angular acceleration.

4. Discussion

In applications such as micromanipulation where centripetal acceleration term is relatively
very small, since we can ignore centripetal acceleration term, only a pair of two
accelerometers is required for calculation of any of the three angular acceleration
components, making placement design simple. The proposed approach separates sensing
three DOF angular acceleration into sensing one DOF angular acceleration using a pair with
two accelerometers, and sensing two DOF angular acceleration using a pair of three
accelerometers. Since the optimal placement of the pair with two accelerometers does not
affect the optimal placement of the other three accelerometers, placement design is simple.

Sensing resolution improvement by following the placement propositions has been shown
by comparing sensing noise in different placement configurations in a hand-held
microsurgical instrument. As shown in Table 2, with the proposed configuration which
follows the propositions described, angular acceleration noise is reduced by 72% and 17%
comparing to the noise with Micron configuration and Cube configuration, respectively.

In comparison of RMS noise between proposed configuration and Cube configuration in
Table 1, proposed configuration provides lesser noise in ay by about six times while
providing the same noise level in the other two components ay and «,. This is mainly due to
the larger separation distance (dz in Figure 10) in the proposed configuration. Since Cube
configuration requires symmetry placement of accelerometers, it cannot make full use of the
space available, and hence causing relatively higher noise in ay due to smaller separation
distance.

Apart from the resolution improvement, and the design simplicity, another advantage of the
proposed placement is flexibility in placing the accelerometers. As mentioned in section
2.1.1, in sensing rigid-body motion with very small angular velocities such as
micromanipulation, accelerometers can be placed anywhere along the line of their sensing
axes [28] with negligible errors. Therefore, the placement configurations shown in section 2
are a few of many possible configurations. For example, consider the configuration for six
DOF motion sensing as shown in Figure 17. The accelerometers can be placed anywhere
along Line ij; where i=1,2, or 3; j=X,y, or z.

The plots shown in Figure 16 shows that the angular acceleration formulae (49-51) are
correct although there are some errors. The errors might have resulted from the combined
errors of the inaccurate positioning and orientation of the accelerometers, noises in the
accelerometer outputs, accuracy and resolution of the measurement of the ball position by
MZ2S2, The positioning and orientation errors of the accelerometers can be known by using
high precision rotation and translation stages and they can be corrected.

The advantage of Cube configuration is its ability to provide accurate angular acceleration
when the rigid-body motion involves relatively high angular velocities. Main disadvantage
of the cube configuration is that if the total space available is not in cube shape such as a
thin slice of space, it cannot be employed. However, the propositions described are so

Sens Actuators A Phys. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Latt et al. Page 15

flexible that the configurations can be made suitable for limited available space such as a
thin slice of space.

5. Conclusion

Placement (location and orientation) of accelerometers to obtain the least possible angular
acceleration noise in micromanipulation tasks have been proposed. The placement
configurations of accelerometers should follow the propositions described to obtain the least
possible angular acceleration noise. Sensing resolution provided by proposed configuration
employed in a hand-held instrument has been proved to be higher than those provided by
existing configurations employed in the same-sized instrument. Correctness of the angular
acceleration formulae for proposed configuration has been shown by experiment. The
placement propositions described would serve as guidelines for placement of accelerometers
in future hand-held instruments to be used in micromanipulation tasks. They are valuable to
sensing any rigid-body motion having relatively low angular velocities with limited
available space to mount accelerometers.
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Figure 1.
Three different configurations of accelerometer placement within the same space available
to detect six DOF motion.
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Planes, formed by the two
sensing axes, perpendicular

to Yg axis ‘\
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a2z

Figure 2.

Illustration of the separation distance (d1), and offset distance (dy) between the two sensing
axes. Accelerometers, a;, and ay;, used to sense angular acceleration about Yg axis, form
perpendicular planes in (a), and (b), but not in (c).
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Figure 3.
A placement configuration to sense two DOF angular motion (ay and a;)
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Figure 4.
Placement configurations to sense three DOF angular motion
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Figure 5.
Placement configurations that do not fulfill the orthogonal requirement
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Figure 6.
Placement configurations with the pairs with two accelerometers not forming perpendicular
planes
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Figure 7.
Placement configurations to sense six DOF motion
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(a) Isometric View (b) View from the accelerometer at {3}

Figure 8.
The placement configuration of accelerometers in Micron with d; = 26 mm, & d3 =130 mm
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Figure 9.
Cube configuration of accelerometer placement in the instrument
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Figure 10.
Proposed configuration
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Figure 11.
Micronll instrument with the sensing part according to proposed placement of
accelerometers
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Figure 15.
A photo of (a) the Micronll instrument attached to the rotating arm, and (b) close-up view of
the instrument tip placed near to the workspace of M252
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Figure 16.

Plots of comparison of ground truth angular acceleration about Xg axis and calculated
angular acceleration about Xg axis using acceleration outputs from accelerometers inside the
instrument: (a) without using a band-pass filter, and (b) with the band-pass filter
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Figure 17.
Flexibility of placement of accelerometers
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Table 1

Comparison of RMS noise of angular acceleration of all the configurations

RMS Noise of Angular Acceleration

Micron Configuration

Cube Configuration

Proposed Configuration

ay (rad/s?) 0.28 0.54 0.09
ay (rad/s?) 0.28 0.54 0.54
a, (rad/s?) 2.83 0.54 0.54
Vector o (rad/s?) 2.86 0.94 0.78
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Table 2

Angular acceleration noise reduction by proposed configuration

Noise reduction

Compared with Micron configuration

Compared with Cube configuration

a= ,/a§+a/%+a§(%)

73

17
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