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Abstract—This paper proposes an original approach for
robotic calibration that is based on measurements along a single
direction (1-D). Among all applications, the field of micro and
nano robotics has been chosen as case-study because of the strong
needs for high positioning accuracy (10-100 nm typically) while
measuring with sufficient resolution along multi-DoF (Degrees-of-
Freedom) is still a fully open question. 1-D measurements relying
on FP (Fabry-Perot) interferences is used and the proposed
modelling of a 6-DoF nanopositioning robot enables to derive
the measurement strategy as well as the identification procedure
for both extrinsic and intrinsic parameters. Experimental inves-
tigations demonstrate that the approach is easy to implement,
low cost and enables to understand what are the main influential
parameters onto positioning accuracy. They also conduct to very
high accuracy in 6 DoF positioning: a positioning accuracy
estimate of 50 nm and 0.004° has notably been obtained for
the full pose (position and orientation respectively) and can be
held during several hours after the measurements.

Note to Practitioners—The motivation of this work is to
give an answer to the growing needs for micro nanopositioning
robots having a very high precision for applications in micro-
assembly, in the characterization of micro nano components or
biological elements, or for minimally invasive surgery. The key
contribution of the proposed work relies in the method proposed
that enables to efficiently calibrate a serial 6 DoF robot using only
1-D interferometric measurements which overcomes the need
for multi DoF, small size, high resolution sensors missing in
commercial offers. Moreover, the behavior of such novel robotic
solutions is not well known, difficult to model and there is a
clear lack of knowledge about main influential parameters. The
method proposed in this paper notably enables to achieve the full
calibration of the robot (all intrinsic and extrinsic parameters
identified) to reach the best positioning accuracy. This first part
takes times and the paper shows that it is then possible to adopt
a less time taking procedure by only re-identifying extrinsic
parameters, and thus to hold these performances over long
periods, typically a week.

Index Terms—Micro-Nano Robotics, Nano-positioning, posi-
tioning accuracy, robot calibration, Fabry-Perot interferences,
optical alignment.

I. INTRODUCTION

Nowadays, positioning accuracy is one of the most im-
portant performance criteria in many application fields
in order to successfully perform complex tasks. This is all
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the more true for fastly emerging applications at small scales
and/or when robots are required in small free spaces such as
micro-assembly [1] [2] [3]], manipulation [4]] [S] [6], character-
ization of biological tissues and minimally invasive inspection
and surgery [7] [8]... Most of these tasks require to control very
accurately the relative position and/or trajectories between a
sample (for example, component to handle, tissue or living
cell) and a tool used for manipulation or characterization
purposes. At small scales, micro and nanopositioning robots
are widely used, because of their capability to generate high-
resolution motions with high repeatability (typically better
than 10 nm for most of commercially available devices). How-
ever, positioning accuracy is not well known and difficult to
guarantee, because of intrinsic geometric errors accumulations
of the built micro-nanopositioning robots, which induces key
drawbacks for many applications. This led to develop control
laws in closed loop by integrating many sensors, which are
complex and costly.

For this sake, research about calibration of micro-
nanopositioning robots is getting more and more attention,
in order to fulfill high accurate micro-manipulation tasks in
many application fields [9] [1O] [L1].

Works done in [12] targeted to quantify the positioning ac-
curacy of a XY#6 serial micro-positioning robot and to identify
the main influential parameters after calibration. Experiments
show that positioning accuracy can be improved by more than
35 times from 96 pum to 2.5 pum by identifying geometric
parameters. However, measurement at the micro-scale is a very
challenging issue, especially in 3-D. Micro-scale measurement
requires sensing devices with high resolution (e.g., a few
nanometers) and accuracy (e.g., tens of nanometers) [13].
State-of-the-art highlights approaches relying on multi-DoF
sensing to control micro-nanopositioning robots in multi-DoF
but, there is a clear lack of commercially available sensors
satisfying multi-DoF measurement and resolution required
(14] [15].

In order to overcome the measurement issues, some re-
searchers investigated constrained robot calibration methods,
such as point-point position constraint and point-surface po-
sition constraint. The constraints in the two approaches can
be done either with contact [16] or virtually [17]. Such
approaches demonstrate their potential interest for small scale
applications, notably [18]] proposed a geometric calibration of
6-DoF robot using virtual constraint method in a Scanning
Electron Microscope environment. A visual servoing control
was used to maintain the object held by the robot in the center



of the image. This work reached a positioning accuracy of 10
pm which is still not satisfying enough for most applications
at the micro-nano scales. Moreover, only a small volume of
the robot’s workspace can be explored that can lead to non-
observability or poor estimation of some parameters. To elimi-
nate this kind of limitations, several calibration methods based
on partial specified pose measurements were raised, leading to
other robot calibration methods based on relative position error
model [19] [20] or based on relative distance error model [21]
[22]. In this latter, the relative distance error of any two poses
in robot workspace is applied to calibrate the robot position
accuracy [23]. It uses a set of distance measurements either
directly achieved by different measurement systems have
been used such as mechanical coordinate-measuring machines
(CMM)s [24], theodolites [25]], laser trackers [21]], and ballbars
[26]. However, it positioning accuracy relies strangely on the
relative distance measurement accuracy and the developed
calibration model. Getting accurate measurements remains a
key lock, which is not trivial to achieve, notably, at micro-
scale.

In this scope, previous works we did for the assembly of
micro-optical components, the FP interferometry happening
during the active alignment of optical elements is exploited as
propreoceptive measurement tool. It demonstrated the high ac-
curacy of this 1-D interferometric measurement principle [27]]
and the high interest for relative distance-based measurements
to achieve the identification of extrinsic parameters [28]. In
these works, a positioning accuracy of 390 nm was notably
demonstrated for translational motions which is interesting for
several applications but still not sufficient for a number of
others.

In this paper, the calibration of a 6 DOF robot based on
the identification of the extrinsic and intrinsic parameters is
addressed. For this sake, a relative distance error calibration
model based on 1-D propreoceptive Fabry-Perot measurements
has been developed and validated experimentally. This paper
is organized as follows. Section II notably explains the FP
interferometry principle used for measurements. Section III
provides the geometric modelling of the 6-DoF robot while
Section IV enables to derive the method for intrinsic and
extrinsic parameters identification and Section V the related
experimental procedure for parameters identification. Section
VI presents the experimental setup and Section VII investi-
gates the performances of the calibrated robot comparing its
behavior when the robot is fully calibrated (all intrinsic and
extrinsic parameters identified) with when the robot has only
its extrinsic parameters identified. Section VIII conclude the
paper contribution.

II. 1-D RELATIVE MEASUREMENTS BASED ON FP
INTERFEROMETRY

Interferometric sensors are widely used in laboratories as
well as in industry fields because of their extremely accurate
measurements, high resolution, wide measuring range and
bandwidth. These interferometric sensors operate based on
different interferometric principles such as Michelson and FP
interferences.

Interferences of multiple light beams from the same light
source in an optical free-space cavity induces FP interferences
as shown in Figure |1} As a result, the light intensity varies
periodically with the optical path difference between the beams
[29]. Active alignment of a mirror relative to the optical
fiber yields FP interferences phenomenon. In this case, the
concerned surfaces are the fiber extremity (R;) in one hand
and the mirror surface (Rs) in the other hand. Each time
the light comes across one of the surfaces, a portion of it
is transmitted out, and the remaining part is reflected back.
The net effect is to split a single beam into multiple beams
which interfere with each other.

FP cavity length variation §L

Irradiance ( Watt/m?)

FP cavity length variation §L( pm)

Figure 1. Schematic diagram representing the interferences in a FP optical
cavity, with reflected irradiance versus FP cavity length L, at wavelength
A = 1560 nm .

Based on FP interferences principle, when the reflective
surface ([22) moves along the optical axis (Z-axis), the FP
cavity length (L) changes and modifies the reflected light
signal accordingly. Therefore, there is a correlation between
the FP cavity length L and the interferences figure. A slight
variation of the FP cavity length can be identified on the
interferences figure.

The periodicity of the irradiance signal directly depends
on the wavelength of the laser signal (A = 1560 nm). If
p is a natural number, the distance between two resonances
peaks can be written as in equation [I] (see Figure [I), i.e. the
distance variation between two peaks (4 L) is a multiple of half
wavelength A\ of the laser irradiance, such as:

A
0L = = -
D) p

This FP interferences principle is used in order to achieve
1-D measurements and it is used also for validation after full
6-DoF robot calibration.

For validation, if the mirror is perpendicular to the optical
fiber, then the expected displacement of the mirror perpendic-
ular to the optical axis induces no cavity distance variation.
Consequently, it induces constant reflected light irradiance ver-
sus time. But, if the mirror has a small perpendicularity error
with respect to the fiber optical axis, then the expected trans-
lation of the mirror perpendicular to the optical axis induces
a cavity distance variation §L. Consequently, it generates an
oscillating reflected light irradiance at the same time. This
principle is used to evaluate positioning accuracy after full
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robot calibration. The proposed robotic calibration approach
is based on the robot geometric model that is presented in the
next section.

III. 6-DOF ROBOT GEOMETRIC MODELING

Geometric model relates the joint and the operational coor-
dinates (coordinates with respect to the world reference frame),
by involving robot geometric parameters. Geometric model
permits to establish the robot DGM (Direct Geometric Model)
and IGM (Inverse Geometric Model), which are successively
used to control the robot. These models includes intrinsic
parameters that can be identified to calibrate the robot.

Khalil and Kleinfinger representation is one of the most
used conventions for the geometric modeling [30]. However,
in the case of nearly parallel neighboring axes, the common
normal is poorly defined and the calibration is ill-conditioned.
For this case, Hayati introduced an extra rotational parameter
[3; about the Y;_; axis [31]]. Therefore, the modified version
by Khalil and Kleinfinger with additional Hayati parameter
B; is used to establish the transformation matrix between two
successive links based on two main assumptions: the links are
perfectly rigid and the joints are ideal in a sense that there is
neither backlash nor elasticity.

For these works, a serial robot is studied because it is of
widespread use at small scales. A serial robot is composed of
a sequence of n links and n joints where link O is the base of
the robot and link n is the terminal link. Joint 7 connects the
link 7 to the link ¢ — 1. A frame R; is attached to each link ¢
with [32]:

o The Z; axis is located along the axis of joint ¢;

o The X; axis is located along the common normal between
the Z; and Z,; axes. If Z; and Z;, axes are parallel or
collinear, the choice of X; is not unique: considerations
of symmetry or simplicity then allow a rational choice;

o The Y; axis is located using the right-hand rule to form
(X;,Y;, Z;) coordinate system.

The transformation matrix from frame R;_; to frame R;
is expressed using the following four geometric parameters
(Figure [2):

o Joint parallelism: §; is the angle around the axis Y; 1

between the axes Z,_; and Z,_;

o Link twist: «; is the angle around the axis X/_; and
between the axes Z/_; and Z;;

o Link length: d; is the distance along the axis X/
between the axes Z/_; and Z;;

« Joint angle:6; is the angle around the axis Z; between the
axes X/_; and X;;

o Link offset: r; is the distance along the axis Z; between
the axes X _; and X;.

The variable of the joint ¢ denoted by g; is 6; if 7 is rotational
and r; if ¢ is prismatic. Hence

¢ = 0,(1 — p;) +71ipi, )

where
for rotational joint

3)

for prismatic joint

Jointi —1
Zi_q Bi -1

Jointi + 1
Linki—1

Figure 2. Khalil and Kleinfinger with additional Hayati parameter ; about
Yi_1 is used for nearly parallel axes.

Two rotations are required to relate Z;_; to Z;: a rotation
B; about Y;_q1 maps Z;_1 to Z]_, and X;_; to X/ ;. Hence,
X/ _, axis is located along the common normal between the
Z!_, and Z; axes. A second rotation ¢; about X/ ; maps
Z!_, to Z;. The angle 6; is now from X/ ; to X; about Z,.

The transformation matrix defining the frame R; in the
frame R;_1 is given by

iilTi = ]%Otyi_1 (BZ)ROtX:,l (Oti).TTCLTlSX1{71 (dl)

.Rotz,(0;). Transz, (r;). @
The matrices associated with this equation are:
g 0SB 0
Rotv .3 = | _g5 o cn o |F O
.| 0 0 0 1
1 0 0 0
Rotx: (i) = 8 ggz _CSaO:i 8 ; (6)
| 0 0 0 1
1 0 0 d;
Transx;  (d;) = 8 (1) (1) 8 ] ; )
0 00 1
ce;, —S6;, 0 0
Rotz 0= | 0 G0 ] . ®
0 0 0 1
1 0 0 0
Transgz,(ri) = 8 (1) (1) 2 ; ©)
0 00 1

where Cy stands for cos~y and S+ stands for sin .
Thus, the general transformation matrix between two frames
with consecutive parallel joints becomes:

A A Az Ay

i—1 Bi1 Bia Bis B
T, = 10
Cinn Ciz2 Ciz Cus (19)

0 0 0 1



where

Ap = S0 SB;CH; — CB;S0;

Az = Ca; SB;

Ay = diCB; +1;.CoyiSBs
Bi1 = Ca;50;

Bis = Ca;C0;

Big = —Sa;

By = —1r;Soy

C11 = Sa;CB;S0; — SB;CO;
Cra = SB;CO; + Sa;CB;S6;
Ci3 = Ca;Cp;

Cry = 1;Ca;CB; — diSB;

The direct geometric model for a serial-chain manipulator
defines the pose (position and orientation) of the end-effector
relative to the base given the values of the joint variables and
the geometric link parameters. It can be solved by calculating
the transformation between the end-effector frames and the
base frame. This transformation can be obtained by concate-
nating the transformations between the frames of the adjacent
links:

R P AR Ll SR (12)
The inverse problem is to calculate the joint coordinates
corresponding to a given operational coordinates of the end-
effector. When exists, the form that gives all the possible
solutions (there is rarely a single solution) is the IGM.

The DGM and the IGM are used to control the proposed 6-
DoF robot. For this sake, reference frames have been assigned
to the 6-DoF robot building stages. For simplification, we
choose the same origin for all the frames, which corresponds
to the real rotational center of the robot (intersection of joint
4 and 5) when ¢1 = g2 = g3 = q4 = q5 = q¢ = 0. The world
(base) frame R,, is assigned to be aligned with the first frame
when ¢; = 0. The assignment of frames is shown in Figure [3]
which represents the robot geometric model and the nominal

geometrical parameters are given in Table

By replacing variables from equation (10) using Table [I}
The transformation matrix between frame £; and frame R;_;
is given as follows:

100 0 010 0
wo |01 0 0 e 001 @
=19 01 4> =100 0
000 1 000 1
01 0 O Cqa —Sqs 0 O
2 _ | 0 0 1 gs 3. | Sga Cga 0 0
s=11700 0 |"=| 0o 0o 1 0]l
000 1 0 0 0 1

ZoZ XY Yo
X XqY5ZsZaX ,
YwZzY1X3X4Ys£gi/' 172037470
o (D—QO ds_"q,
Je

S
2
q1
Figure 3. Robot kinematic model.

Table 1
NOMINAL PARAMETERS OF ROBOT DIRECT GEOMETRIC MODEL (DGM)
FOLLOWING THE HAYATI MODIFIED CONVENTION OF KHALIL AND
KLEINFINGER.

Link Pi ,81 Qy dz 91 T4
1 1 0 0 0 0 @
2 1 0 —90 0 —-90 q2
3 1 0 —-90 0 -90 q3
4 0 0 0 0 q4 0
5 0 0 —-90 0 g5 — 90 0
6 0 0 —90 0 % 0

CQ5 CQ5 0 O
ap | 0 0 1 0
5 CQ5 —SQ5 0 0 ’
0 0 0 1
C’qg —SqG 0 0
S — 0 0 1 0
6 —Sqe —ng 0 0
0 0 0 1

The transformation between the world frame and measure-
ment system frame or the transformation between the end-
effector frame and the measurement system frame use the
extrinsic geometric parameters. The DGM and the IGM use the
intrinsic parameters. A referenced robot control uses extrinsic
transformation between world and measurement system frames
and the IGM together. Hence, high accurate extrinsic and
intrinsic parameters lead to high accurate control of the 6-DoF
robot. For this sake, in the next section, the 6-DoF robot ex-
trinsic and intrinsic geometric parameters identification based
on a the proposed robotic approach is presented.

IV. 6-DOF ROBOT EXTRINSIC AND INTRINSIC GEOMETRIC
PARAMETERS IDENTIFICATION

In order to achieve the full robot geometric calibration (both
intrinsic and extrinsic parameters) based on relative distance
measure in 1-D, a new calibration model is proposed. The
distance measure is achieved based on very high accurate FP



interferometric principle measurements as presented in section
IL. In order to develop the geometrical model of the robot, the
main reference frames are defined as schematically shown in
Figure [Z_f} Ry is assigned to the fiber frame, its origin, labeled
Oy, is defined as the intersection point between the optical
axis and the outer surface of the fiber. R. corresponds to the
robot end-effector frame, its origin, labeled O, corresponds
to the real rotational center of the robot (intersection of joint
4 and 5). The 0. X., O.Y. and O.Z. are the expected motion
directions of the robot, where R, = Rg. R, corresponds to the
tool frame, its origin, labeled O;, is defined as the intersection
between the O.Z, and the mirror plane (Y;O;X;). R, is as-
signed to the world frame, its origin, labeled O,,, corresponds
to the real rotational center of the robot (intersection of joint
4 and 5) when all axes are at zero (initial configuration), with
the same directions as the first stage axes R;.

~O
Ny
\((\{9/(9 Y, R °T,
Sk A%, Ry R.Ry
N XeZW
. Of YEXW
Fiber Zp~
[Ze, 0Oy

End-effector

Mirror 6 DOF robot

Figure 4. The robotic positioning scheme with frames assignment.

The vector OG—ZZ is assumed to be collinear with the vector
O.Y,,. Thus, the homogeneous transformation matrix from
the world frame to the fiber frame is given in equation (13),
and the transformation matrix from the end-effector frame to
the tool frame is given in equation (T4).

YTy =Transx,, (zws) Transy, (Yuwy). Transz, (zws)
Rotx,, (Buws)-Rotz, (0ws) =

Cewf 7S€wf 0 Twf (13)
CBupSOuws COwsClus —SPus Yus
Sﬂwfsewf C“9wf56wf C/Bwf Zwf
0 0 0 1

where ., ¢, Y, and 2,y are the translational coordinates of
the origin of the fiber frame Of with respect to the world
frame, along X,,,Y, and Z, axis respectively. 8, is the
angle between Yy and Z, around X,, axis and 6, is the
angle between Xy and X, around Z,, axis.

Ty =Transz, (Zet).Rotx, (Bet).-Roty, (0et) =

CO.t 0 S0, 0
Seets’ﬁet Cﬁet _Ceetsﬁet 0 (14)
_Cﬁetseet Sﬁet Ceetcﬁet Zet
0 0 0 1

where Z.; is the translational coordinate of the origin of
the mirror O; with respect to the end-effector frame, along
Z, axis. Be; and 0, are the rotational coordinates of X; and

Y, axes of the mirror with respect to the end-effector frame,
around the X, and Y, respectively.

P, is the reflection point projection of the laser spot on the
mirror plane (Y;0,X,). Y P, (“ Py, Py,"” P,,) is the reflec-
tion point projection in the world frame R,,. * P, (* P! P,,,0)
is the reflection point in the tool frame R;.

The proposed extrinsic and intrinsic parameters identifica-
tion uses the optical axis 3-D parametric equation and the
plane equation of the mirror.

The 3-dimensional parametric form of the equation of
optical axis line is defined by a point on the optical axis line
Oy and its direction vector Z¢. The point Of (Zuwf, Ywfs Zuwf)
is a point with respect to the world frame R,, through which
the optical axis line passes. The unit vector Z; (G f, buw f, Cw f)
is the direction vector of the optical axis line with respect to
the world frame R,,. Therefore, the 3-dimensional parametric
equations of the line carrying the vector O;Z; (optical axis)
can be written as follows:

T = QL+ Ty
Y=buwrL +yuyr ,
z = waL + Zwf

where ,/afuf —|—b12Uf +012Uf =1

The intersection point between the mirror plane (Y;O;X3)
and the line carries the vector O.Z. is O (Twt, Ywt, Zwt)-
The mirror plane is defined by the point Oy (¢, Ywt, Zwt)
in the plane with respect to the world frame and the normal
unit vector to the plane Z (Quwts bwt, Cwt). If M(x,y,2) is
any other point which belongs to the mirror plane, then the
equation of the mirror plane can be written as follows:

15)

—
O, M - 0,7, = 0. (16)
This yields:
At (@ = Taot) + bt (Y — Yur) + Cut(z — 2we) = 0. (17)
By considering Ayt = — At Tt — bwtywt — CwtZwt, then:
Ayt + bwty + Cwtz + dyt = 0, (18)

where: /a2, + b2, +c2, = 1.

From the other hand, the columns of a rotation matrix are
orthogonal unit vectors along X, Y and Z axes respectively.
Hence, the third column of a rotation matrix represents the unit
vector along Z-axis. Accordingly, the transformation matrix
“T, of the tool frame in the world frame can be written using
the unit vector Zt(awt,bwt,CT,,t) with respect to the world
frame as follows:

wcrt(Q7 €, Bet» 0et7 Zet) = wTe(qv 6)'eﬂ(/8et7 getv Zet) =

rT Quwt Twt
ror bwt Ywt
T r Cuwt Zwt
00 O 1

19)

The label r is appointed to the matrix elements that are not
required in the development of our approach.
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Figure 5. Mirror before the new pose and after the new pose.

wT, is Direct Geometric Model (DGM), € is the vector
of the real (unknown intrinsic) parameters of the geometric
errors, and ¢ is the joint coordinates vector.

From the other side, the mirror plane equation given in
equation @) can be deduced from the transformation matrix
between the world frame and the tool (mirror) frame given in
equation. (I9), where:

Ayt = th(l,g), bwt = wﬂ(2,3)7 Cyt = th(3,3),
Tyt = th(1,4), Ywt = th(2,4), Zwt = /u}Tt(3,4>.

The direction vector Z (@t bwt, Cuwi) 1s orthogonal to the
mirror plane and passes through the origin Oy (Tw¢,Ywt, Zwt)
of the tool frame (mirror frame).

The new mirror plane equation after new pose with respect
to the world frame is given as follows:

a;utx + biuty + CL)tZ + d;ut = 07

(20)
where al,,, b, c,,, and d.,, are the coefficients of the mirror
plane equation after the new pose.

As shown in Figure E], the fiber is fixed, which means that
the optical axis equation stays unchanged. From the other side,
displacing the mirror from one pose to another yields two
plane equations (before and after the new pose).

The mirror plane equations before and after the new pose

are given as follows:

{ At + bwty + cwtz + dwt =0 (21)

U@ + Uiy + Cyz + dyyy =0
Using the optical axis line equation given in equation (I5]).

The intersection of the optical axis line with the mirror plane
before the new pose gives:

awt(awa+xwf)+bwt(bwa+wa)+th(cwa+wa)+dwt =0.

(22)
The intersection of the optical axis line with the mirror plane
after the new pose gives:

Ayt (oo f L'+ 2ap £ ) F0t (b f L' 400 1)+ o (Coop L' 420§ ) +iyy = 0.
(23)
Then, L and L' can be calculated respectively as follow:

_(awtxwf + bwtwa + CwtZwf + dwt)

L =
Ayt Aoy f + bwtbwf + CwtCuw f

;o (24

— (@ Tws + UiptYuws + CorZus + dit)
Ut @ f + Vipgbuwf + CpyCury
The mirror displacement along the optical axis after the new
pose can be deduced as follows:

L' =

. (25)

dL = L/ L= (awwaf + bwLwa + CwLZwf + dwt)_
Aot Aoy f + bwtbwf + CwtCuwf
(ateTws + ViYus + s + diyy)

At f + by + CprCuf

(26)

where:
dwt = —Qqyt- th(1,4) - bwt- th(2,4) — Cut- th(374),
ay = “T{(1,3), by = “T{(2,3), ¢y = “T{(3,3),
diy = —a . UT(1,4) = i T (2,4) — e “TY(3,4).
And at the same time, this mirror displacement along the
optical axis after the new pose is measured from the FP
interferometric measurements. This displacement dL, can be
written as a function of robot intrinsic and extrinsic geometric

parameters as follows:

dL = f(qa€796tvﬁetaawfabwfacwfaxwf,wavzwfvZet)~
27

Equation [27| represents the model for extrinsic and intrinsic
parameters identification. Displacing the mirror in different
poses using the 6 DoF robot, will lead to form a system of
non-linear equations, where the unknowns are the intrinsic and
the extrinsic geometric parameters. The system of equations
can be solved using different optimization algorithms (it is
detailed in the next section).

When the intrinsic and the extrinsic parameters of the
robot are identified, the point of intersection between the
optical axis and the plane of the mirror with respect to the
world frame can be deduced by calculating the distance L
between the mirror and the fiber using equation (24) and
then calculating the Cartesian coordinates of the reflection
point “P.(“P.;, “P,, “P,,) in the world frame using
the following equation:

Y Py :(waL+.’wa
wPry :bwa+wa
vp,., = cwa—l-wa

(28)

At the initial mirror pose (qg1 = q2 =q3 =q3 = q4 = q5 =
gs = 0), the Direct Geometric Model (DGM) transformation
matrix is written as a function of intrinsic parameters errors
“Te(q =0,€).

By replacing the already deduced vector P, and the
transformation matrices ¢7; and “T., the vector ! P, can be
deduced as follows:

tp,=cT1;t vt vp,. (29)

After having developed the robotic model for extrinsic and
intrinsic parameters identification, this model combines 6-DoF
robot motion with a high accurate 1-D FP measurements in
order to identify the extrinsic and the intrinsic parameters of
the robot. In order to detail the robotic calibration approach,
the next section presents the experimental procedure for robot
extrinsic and intrinsic parameters identification.
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Figure 6. Measurement strategy for robot calibration.

V. EXPERIMENTAL PROCEDURE OF ROBOT EXTRINSIC AND
INTRINSIC PARAMETERS CALIBRATION

The whole procedure of the full robot calibration (both
intrinsic and extrinsic parameters identified) includes measure-
ment, identification, parameters correction and validation step.

A. Measurement strategy

In order to cover all the robot workspace and to achieve
a high accurate measurement. The proposed measurement
strategy consists of 2 steps:

e The mirror held on the robot was put in a cubical
workspace with 15 nodes is chosen as shown in Figure
For each node, three continuous rotations of the mirror
are applied, around X,,, Y,,, Z,. Rotation of [—3° 3°]
is applied around X,, and Y,,, and [0° 90°] around Z,
with angular velocity control. Each rotation around an
axis enables to obtain one equation. Hence, for each node
3 equations are obtained, which means for 15 nodes 45
equations can be obtained;

« Different mirror orientations are given. By choosing two
angular values for each rotation, Rotx, (g1 = (0°,3°)),
ROtZw (Q5 = (00,30)) and ROtYw (q6 = (00,900)), 23
angular combinations are obtained. For each angular com-
bination (each orientation), three translations are applied
along X, Y, and Z, (3 equations), thus yields 24
equations. Translation of [—150 + 150] um is applied
along X, and Z,, and [-20 + 20] pum along Y,, with
translational velocity control. Wavelength scan distance
measure is used based on FP interferometry before and
after each translation along X, and Z,, axes in order to
determine the sign of dL.

The two previous measurement steps can give 69 equa-
tions. This non-linear minimization problem can be solved
using various algorithms. The Levenberg-Marquardt method
is most often cited and used in the literature. Such a method
makes a compromise between the gradient method (launch of
the algorithm far from the minimum) and Newton’s method
(neighborhood of the solution, acceleration of convergence).
In addition, such a method frees itself from the problems
of singularities of the Hessian matrix. Levenberg-Marquardt
method is used for the identification of the robot extrinsic and
intrinsic parameters.

B. 6-DoF Nanopositioning robot control after full calibration

The 6-DoF Nanopositioning robot control after full cal-
ibration is shown in the scheme in Figure [7] The control
scheme of the robot uses the identified extrinsic and intrinsic
parameters of the robot. The inverse kinematic model of the
robot is calculated based on the identified intrinsic parameters
of the robot. The two transformation matrices between the
end-effector and the tool and then between the tool and
the reflection spot P, are calculated based on the identified
extrinsic parameters.

Operational Real joints
coordinates RObOt I_GM coordinates
X including e

intrinsic parameters

—

Extrinsic parameters

Figure 7. 6-DoF Nanopositioning robot control after full calibration.

The experimental setup used to validate the proposed cali-
bration approach is presented in the next section.

VI. EXPERIMENTAL SETUP

The proposed experimental setup for 6-DoF robotic calibra-
tion based on 1-D interferometric measurements is shown in
Figure [8] The mirror is held by a 6-DoF serial robot to control
its poses. The fiber ferrule is held by an other XYZ manual
positioner which is fixed in front of the 6-DoF robot, it is used
to pre-position the fiber ferrule.

Optical fiber Rotf_ry positioner (q

holder \ | \]

X,Y,Z manual
positioner stage

XYZ passive
orepositi i

Nanopositioning stage
XYZ(q1, 92, q3)

” -

ure.

4 Mirrqr _ 20 mm

Figure 8. Robotic experimental platform.

The experimental setup is placed on an anti-vibration table.
The 6-DoF robot is assembled with minimum geometric errors
based on one (XYZ) nanopositioning stage followed by a
bracket support, which is fabricated specifically to join the
(XYZ) translation stage (q1, g2, g3) to a set of two gomiometers
(¢4, ¢5) and then a rotary positioner (¢g) (see Figure [8). The
two gomiometers are used for rotation around X,-axis and
Z,-axis and the rotary positioner for rotation around Y-
axis. A XYZ prepositioner is placed after the rotary positioner



for coarse adjustment of the rotation center of the whole
assembled 6-DoF robot.

The (XYZ) nanopositioning stage is a PIMars P-563.3CD,
its resolution is 0.5 nm. It is controlled via a E-712 controller.
The two goniometers are SGO-60.5 and SGO-77.5, their
resolution is 0.57 p°. They use the stick-slip principle and
are controlled by MCS-3D unit. The SGO-60.5 goniometer’s
center of rotation is 60.5 mm. The SGO-77.5 goniometer’s
center of rotation is extended to 77.5 mm. The rotary posi-
tioner is SR-3610-S, its resolution is 1.1 p°. It uses the piezo
principle and is controlled by MCS-3D unit. E-712 controller
and MCS-3D unit are controlled via Matlab.

The optical fiber is connected to an optical set up. This
optical setup consists in a laser light source (wavelength A =
1560 nm). This latter is connected to a circulator and then to
the fiber ferrule. The reflected optical irradiance from mirror
through the fiber ferrule is the feedback information for the
6-DoF robot control loop.

This set up enables the acquisition of the reflected optical
irradiance signal from the mirror surface, coming back through
the fiber ferrule and then through the beam circulator.

The next section studies the optical performances after robot
extrinsic and intrinsic parameters identification.

VII. EXPERIMENTAL RESULTS
A. Performances after full 6-DoF robot calibration

Figure [0] represents the optical irradiance during a rotation
g6 around Zg axis before calibration. Figure [T0] represents the
optical irradiance during a circular translation on the mirror
plane before calibration. The fringes (peaks) on the optical
irradiance are due to FP cavity variation along the optical axis.
This proves the strong influence of geometric errors, that can
be extrinsic and/or intrinsic.
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Figure 9. Optical signal (irradiance) when a rotation gg around Zg axis is
done before calibration.

The robot calibration aims to reach a 6-DoF positioning that
does not induce a FP cavity variation along the optical axis
i.e, applying rotations and translations along the mirror plane
without inducing a distance change along the optical axis (the
reflection point on the mirror plane is kept fixed).

The method presented in previous sections conducts to iden-
tify both intrinsic and extrinsic parameters whose identified
values are provided in Table [lI] and Table [T respectively.
Figure [T1] represents the obtained results after identification
of both extrinsic and intrinsic parameters of the 6-DoF robot
for 3 rotations around Z, for the reflection point projection on
the mirror P.(141.1,116.34), calculated from equation (29).
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Figure 10. Circular translation on the mirror plane before calibration.

Table IT
IDENTIFIED ROBOT INTRINSIC PARAMETERS.

Link p;  Bi(°)  «i(®) di (pm) 0i(°) 7; (pm)
1 1 0 0 0 0 q1
2 1 0 —90.13 0 —89.22 q2
3 1 0 —90.29 0 —89.47 q3
4 0 —0.26 0.25 —4.20 qa — 0.07 0
5 0 0 —89.45 —2.21 g5 — 90.49 0
6 0 0 —90.57 0 g6 + 0.14 0

For rotations around Z, the corresponding optical irradiance,
the 3 translational joints and the 2 rotational joints (joint 4
and 5) are plotted.
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Figure 11. Rotation g¢ around Z axes in operational coordinates when the
reflection point projection is in P.(141.1,116.34), after robot extrinsic and
intrinsic parameters identification.

Results show that, after full robot calibration, the joints
intervene in order to move the rotation center of the robot
to the reflection point of the laser spot P, and maintains it
at that point (reflection point P,) during rotations in oper-
ational coordinates. For example, for a rotation gg around
Zy, the translational and rotational joints intervene in order



Table IIT
IDENTIFIED EXTRINSIC PARAMETERS.

Parameters Bet Oct Buwf Ow s Zet Ty f Ywf Zwf WPy W Pry YP.,
Values 0.768° —0.613° 0.721° —0.533° 1.61 pgm 113.40 pgm 916.1 pm 115.3 pgm 155.5 um —3.82 um —109.78 pm

to maintain the rotation at the reflection point P,, where the T,
optical irradiance is constant until the saturation of at least . ; T,+2h
one translational joint, the frequency of the fringes (peaks) “E4 ’ o A ,q T,+4h
increase, which represents an increase in FP cavity variation (b*g T S AR y ‘ T +6h
during the rotation. =37 ¥ een

Figure [T2] shows the optical irradiance corresponding to & 2 _T0+10h
a circular translation along the optical fiber plane before g _T0+12h
calibration, after extrinsic parameters identification, and after g i \M _TO +14h
extrinsic and intrinsic parameters identification. Results shows :28 - g
many fringes on the optical signal before calibration. After 70 420 170 100 140 90 40
only extrinsic parameters identification, there is still almost Pry (um) 220 240 Prx (um)

half of FP peak. After extrinsic and intrinsic parameters
identification, the irradiance is constant and it is maximum
compared with the two others cases. It is also important to
note that the maximum irradiance obtained is largely improved
when the positioning robot is calibrated. This demonstrates
that there is no FP cavity variation during the circular trans-
lation along the optical fiber plane.

—Before calibration
— After extrinsic calibration
6 After extrinsic and intrinsic calibration
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Figure 12. The optical irradiance corresponding to a circular translation on
the mirror plane before robot calibration, after robot extrinsic parameters
calibration and after robot extrinsic and intrinsic parameters calibration.

B. Full calibration durability and parameters behavior inves-
tigation

At micro-scale and more generally in precision robotics,
drift often happens. For this reason, the durability of the
obtained performances needs to be studied. In order to evaluate
the durability of the calibrated extrinsic and intrinsic parame-
ters of the 6-DoF robot, a circular translation along the optical
fiber plane is applied every 2 hours for 14 hours after the end
of the full calibration (which defines time ”71j”).

Figure [I3] shows the obtained optical irradiance for each
circular translation along the optical fiber plane for each

Figure 13. Durability evaluation of the fully calibrated robot (both extrinsic
and intrinsic parameters) by applying circular translation on the optical fiber
plane every 2 hours without recalibration for 14 hours after the end of the
full calibration (the full calibration ends at time 7).

Table TV
IDENTIFIED EXTRINSIC PARAMETERS AFTER, 1, 2, 7 AND 8 DAYS FROM
THE FIRST FULL ROBOT CALIBRATION.

Parameters  After 1 day  After 2 days After 7 days After 8 days
Bet 0.781° 0.785° 0.802° 0.811°
Oct —0.615° —0.619° —0.710° —0.702°
Buwy 0.729° 0.725° 0.784° 0.763°
Ow § —0.561° —0.565° —0.591° —0.561°
Zet 1.42 pm 1.52 pm 2.1 pm 2.3 pm
Ty f 112.9 pm 112.3 pm 112.4 pm 113.3 pm
Yuf 917.2 pm 917.8 um 920 pum 918.8 pum
Zwf 115.7 pm 116.4 pm 113.1 pm 112.2 pm

W Prg 154.8 pm 154.4 pm 149.2 pm 148.7 pm
WPy —3.75 pm —3.61 pm —3.4 pm —3.54 pm
el —109.08 pm —109.87 um —106.54 pm —107.53 pm

2 hours from the end of the full (extrinsic and intrinsic)
calibration at 7. The optical irradiance remains constant
during the 8 first hours and it starts to derive after 10 hours
and then it derives increasingly after 12 and 14 hours.

In order to study the parameters changes to drifts, two robot
extrinsic and intrinsic parameters identifications are repeated
(the sequence of all experiments done is detailed in Fig.
[[6). The first one is done one day after the first full robot
calibration, and the obtained identified extrinsic and intrinsic



Table V
IDENTIFIED ROBOT INTRINSIC PARAMETERS, ONE DAY AFTER THE FIRST
FULL ROBOT CALIBRATION.

Link p;  B:i(°)  ou(°)  di (um) 0:(°) i (pm)
11 0 0 0 0 @
2 1 0 —90.13 0 —89.22 @
31 0 —90.29 0 —80.47 @
4 0 0.25 42 q4i—0.07 0
5 0 0  —8945 —221 g5 —90.49 0
6 0 0 —90.57 0 6 +0.16 0
Table VI

IDENTIFIED ROBOT INTRINSIC PARAMETERS, TWO DAYS AFTER THE FIRST
FULL ROBOT CALIBRATION.

Link p;  Bi(°)  «i(°) di (um) 6:(°) 7; (pm)
11 0 0 0 0 @
2 1 0 —90.13 0 ~89.22 @
31 0 —90.29 0 —89.47 @
4 0 0.25 42 g4 -007 0
5 0 0  —8945 —221 g5 —90.49 0
6 0 0 —90.57 0 a6 + 0
Table VII

IDENTIFIED INTRINSIC PARAMETERS AFTER 8 DAYS FROM THE FIRST
FULL ROBOT CALIBRATION.

Link p;  Bi(°)  «i(°)  di (um) 0:(°) 7y (pm)
11 0 0 0 0 a
2 1 0 —90.13 0 ~89.22 @
31 0 —90.29 0 —89.47 @
4 o [-04 42 q—007 0
5 0 0 221 g5 —90.49 0
6 0 0 —90.57 0 a6 + 0

]
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Figure 14. The obtained optical irradiance for circular translation on the
optical lamella plane for only robot extrinsic parameters calibration, after 7
days from the first full calibration.

parameters are shown in column one of Table [[V] and Table
respectively. The second one is done two days after the full
calibration and the obtained identified extrinsic and intrinsic
parameters are shown in column two of Table and Table
respectively. From the obtained identified parameters, all
robot extrinsic parameters change from one day to another and
only one intrinsic parameter that changes, which is 4. 6g is
dependent to 6., therefore it can be fixed.

After 7 days from the first full robot calibration, only
robot extrinsic parameters calibration is done, the obtained
identified extrinsic parameters are shown in column three of
Table [V] The obtained optical irradiance which corresponds
to the circular translation along the optical lamella plane is
highlighted in red color in Figure

The obtained optical irradiance which corresponds to the
circular translation along the mirror plane is not maximum
and is not constant, which means that there is small FP cavity
variation. Hence, we can conclude that during the 7 days, some
intrinsic parameters were slightly changing. In order to verify
that some intrinsic parameters are changing, a full extrinsic and
intrinsic robot parameters is identified one day after (8 days
from the first full robot calibration). The obtained identified
extrinsic and intrinsic parameters are given in column four
of Table and Table respectively and shows that some
intrinsic parameters are changing slowly with time.
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Figure 15.  Experimental estimation of angular accuracy when a small

compensation error of B¢+ parameter is created.

Figure summarize the experimental protocol for full
calibration durability and parameters behavior investigation.

In order to estimate the positioning accuracy, after identifi-
cation of both intrinsic and extrinsic parameters, a translation
along Y} axis (parallel to the plane of the fiber) is applied
after having modified the identified parameter (3.; by adding
each time 0.002° (misaligning the mirror from the fiber plane).
(Bet)set = (Bet)identified + €, such that 0.002° < e < 0.012°.
The obtained optical irradiance for each translation is shown
in Figure [T3] and highlights that the optical irradiance starts
to derive after having modified S.; by 0.004°, which is an
estimate of the rotational positioning accuracy. The same
optical irradiance can be estimated to 1/8 of half oscillation
period, which corresponds approximately to a translational
positioning accuracy estimate of 50 nm.
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Figure 16. Flowchart of the experimental protocol for full calibration
durability and parameters behavior investigation.

In summary, full (extrinsic and intrinsic parameters) robot
calibration can be maintained for about 8 hours, without
parameters change. Optical irradiance derivation starts after 10
hours. All robot extrinsic parameters change from one day to
another and only one intrinsic parameter that changes, which
is B4. Therefore, the optical irradiance derivation is because of
extrinsic geometric parameters change. Doing extrinsic param-
eters calibration after 7 days from full parameters calibration
demonstrates that intrinsic parameters were changing slowly
with time.

VIII. CONCLUSION

Positioning accuracy is one of the most important per-
formance criteria ore especially for nanopositioning robots.
However, there are many extrinsic and intrinsic parameters that
induce inaccuracy. In this paper, these extrinsic and intrinsic
parameters were identified to calibrate the nanopositioning
robot studied, in order to improve its positioning accuracy.

A robotic approach was proposed for 6-DoF nanoposition-
ing robot calibration. This approach uses 1-D relative distance
measurements in order to identify extrinsic and intrinsic geo-
metric parameters, through a new reliable robotic calibration
model and a dedicated measurement strategy for high mea-
surement accuracy. The 1-D relative distance measurements is
based on 1-D FP interferometric measurements.

After full 6-DoF robot calibration, no FP fringes appear
on the optical irradiance for rotations around Xy, Yy and Z;
axes, neither for circular translation along the mirror plane.
A translational and rotational positioning accuracy estimate
of about 50 nm and 0.004° have been obtained respectively.

Moreover works shown that this level of performances can be
held during several hours.

The alignment of the mirror with respect to the fiber is
easily reachable after full robot calibration. Moreover, two
complementary approaches can be used: the full calibration of
the robot (all extrinsic and intrinsic parameters identified) and
a partial calibration where only the extrinsic parameters are re-
identified. These two approaches demonstrated that extrinsic
parameters change the most with time/drift and then their re-
identification enable to reach again a very high positioning
accuracy. Combining these two approaches, it is possible to
hold a high level of performances over long periods, typically
a week, which appears particularly promising for a wide scope
of applications and more especially at the micro and nano
scales.
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