
DESIGN AND PARAMETER IDENTIFICATION BY LABORATORY EXPERIMENTS OF A
PROTOTYPE MODULAR ROBOTIC ARM FOR ORBITING SPACECRAFT APPLICATIONS

Josep Virgili-Llop, Jerry V. Drew II, Marcello Romano

Spacecraft Robotics Laboratory
Naval Postgraduate School

Monterey CA USA

ABSTRACT

This paper describes the design and the parameter identifi-
cation procedure of a modular spacecraft robotic arm devel-
oped for an air-bearing table experimental test bed. When
combined with the necessary ancillary equipment (base-
spacecraft, target, and end-effector), the system provides
an experimental setup where control approaches and whole
mission scenarios (e.g. de-tumbling, servicing, and debris
removal) can be validated and demonstrated. The originality
of this newly developed manipulator consists in its modular-
ity. Each manipulator link contains its own power system,
communications, harmonic drive servomotor with integrated
encoder, controller, torque sensor, and computing platform.
The link bodies themselves are produced using additive man-
ufacturing, allowing quick and inexpensive generation of
differently sized links (with different mass and inertia prop-
erties). The links are easily rearranged to meet different
mission requirements or experimental objectives. The experi-
mentation in this uses a four-link serial manipulator with four
rotational degrees-of-freedom. Each link has a length of ∼40
cm and a mass of∼3 kg. The manipulator attaches to a ˜10 kg
Floating Spacecraft Simulator that floats via air bearings over
a 4-by-4 meter granite monolith to simulate, in two dimen-
sions, the reduced gravity and quasi-frictionless environment
of space. As the system operates in a planar environment,
its movement is restricted to three degrees-of-freedom (two
translational and one rotational).

Index Terms— space robotics, parameter identification,
experimental

1. INTRODUCTION

A spacecraft equipped with a robotic arm can be called upon
to fulfill a wide range of missions (e.g. de-tumbling, servic-
ing, and debris removal). Although spacecraft robotic arms
have been flown in the past, they have most often been used in
conjunction with large spacecraft (e.g. the International Space
Station [1, 2, 3]). When compared to its base-spacecraft,
a manipulator with a relatively small mass and inertia ex-
hibits low dynamic coupling between the manipulator mo-

tion and the base-spacecraft reaction. With the trend towards
smaller, more capable satellites and the desire to reduce the
mass penalty during launch, future missions may require one
or more manipulators mounted on smaller spacecraft—a situ-
ation that generates significant dynamic coupling and presents
a considerable control challenge (as demonstrated during the
ETS-VII [4] and the Orbital Express [5, 6] missions). To
advance space robotics, conduct mission rehearsals, validate
hardware components, or develop novel control schemes, ex-
perimental validation within a dynamically relevant environ-
ment is critical.

Unlike terrestrial fixed-base manipulators, space-based
manipulators are attached to a floating base that is free to react
to the manipulator motion. This dynamic coupling, combined
with non-linear manipulator dynamics, results in a complex
dynamical system that is difficult to control. When other
effects such as elasticity in the links and joints, joint friction,
actuator dead bands, and other non-linearities are taken into
consideration, the system becomes very difficult to simulate
in a virtual environment, and experimental validation of con-
trol techniques may be required. Although replicating the
frictionless, reduced-gravity, and variable-lighting aspects of
the space environment are difficult to achieve on the ground,
several types of experimental facilities exist which attempt to
solve these challenges.

There are two basic families of spacecraft simulators:
kinematic and dynamic simulators. Kinematic simulators are
common for rendezvous and proximity operations and are
very useful for kinematics related research (e.g. path plan-
ning), but they rely on computer simulations to generate the
dynamics and are therefore not particularly well suited for
dynamics research [7].

Dynamic simulators [8] based on air-bearing tables or flat
floors [9, 10, 11, 12], neutral buoyancy pools [13, 7], free-
fall chambers, and suspension systems have long been in use
for space robotics research. These type of simulators recre-
ate the quasi-frictionless and reduced gravity environment,
being able to recreate the dynamic behavior of spacecraft-
manipulator system. Each type of dynamic simulator has ad-
vantages and disadvantages, but due to the its flexibility, rela-



tively low cost, ease of use, and the short turn-around time
between experiments, the air-bearing systems are the most
common.

This paper presents the work done at the Naval Postgrad-
uate School (NPS) to establish a dynamic simulator test bed
on an air-bearing table, where advanced space robotics con-
trol techniques and full mission scenarios with multiple vehi-
cles can be tested and validated prior to flight. First, a general
overview of the Floating Spacecraft Simulator (NPS-FSS) test
bed and its capabilities is provided for completeness. An
overview of the modular manipulator hardware and software
follows. Since the manipulator can be arranged in a num-
ber of different configurations, a method to identify the ma-
nipulator parameters (mainly mass, inertia, and the Denavit-
Hartenberg or DH parameters) is then presented. Finally, a
brief workspace and manipulability analysis of the complete
system is provided.

2. FLOATING SPACECRAFT SIMULATOR
TESTBED OVERVIEW

The robotic manipulator is attached to a Floating Spacecraft
Simulators (FSS) that floats via air-pads over a 4-by-4 meter
polished granite monolith surface recreating a reduced gravity
and a quasi-friction-less motion in two translational and one
rotational degrees-of-freedom (planar motion) [14, 15, 16, 17,
18, 19, 20, 21, 22, 23]. Figure 1 shows two FSS, one with the
modular robotic manipulator, over the granite surface.

The ∼10 kg FSS have eight cold-gas thrusters which pro-
vide autonomous motion capability to the vehicles. An on-
board tank of compressed air (propellant), a power system
and on-board computer give them full autonomy. All the re-
quired processing (sensor readings, communications, naviga-
tion, guidance and control, and actuator commanding) is han-
dled on-board in real-time.

An RTAI patched Server Edition Ubuntu 14.04 operating
system is used to provide multi-rate real-time execution capa-
bilities to the FSS. The guidance, navigation and control al-
gorithms are developed in MATLAB/Simulink, compiled in a
development machine, and later transferred to the FSS inter-
nal memory prior to execution.

Navigation data is provided by an overhead motion cap-
ture system (VICON), providing position and attitude, aug-
mented by an on-board one-axis Fiber Optics Gyroscope
(FOG). Communication between multiple FSS, the VICON
workstation and other PC (used for telemetry monitoring and
software upload) is achieved by sending and receiving data
packets using the TCP/UDP protocol over an ad-hoc Wi-Fi
network.

3. MODULAR MANIPULATOR HARDWARE
DESCRIPTION

The manipulator has been designed to be as modular as pos-
sible, making it easy to reconfigure and upgrade. Each link of
the manipulator includes all of the hardware required to op-
erate independently from every other link. Each link has its
own power subsystem (battery and power regulators), joint
actuator and sensor, air bearing with tubing and connectors,
and a Wi-Fi-connected micro-controller. Multiple links are
connected together to obtain a multi-degree-of-freedom ma-
nipulator. The compressed air for the air bearings is provided
by the main tank on the FSS, and the feed tubing is daisy-
chained from link to link. A general view of this modular link
is shown in Fig. 2 simulating a capture mission scenario.

When connected to the FSS, which acts as the base-
spacecraft, a fully functional spacecraft-manipulator sys-
tem is obtained. Each link uses its Wi-Fi connection to
transmit telemetry to and receive commands from the base-
spacecraft using UDP/TCP datagrams at a 5 Hz rate. The
link micro-controller is only used as a relay, and all the Guid-
ance Navigation and Control algorithms are executed on the
base-spacecraft.

Each link has its own revolute joint actuated by a 1.8 Nm
maximum torque harmonic servomotor. The actuator, which
includes an encoder, is controlled via a driver that allows com-
mand in current, position, or velocity modes. The driver pro-
vides telemetry about the actuator angular position, velocity,
and current consumed (proportional to the torque). Addition-
ally, an analog 2.1 Nm torque sensor is mounted alongside the
servo actuator. A load cell amplifier with a 24-bit analog-to-
digital converter obtains the torque readings. The command-
ing of the driver and processing of the torque measurements
is done through an Arduino-based stack. An Arduino Due
board provides the main processing power. The communica-
tion with the driver is enabled by an RS-232 expansion shield.
A Wi-Fi shield completes the stack, providing connectivity to
the FSS base spacecraft. All of the link equipment is pow-
ered through a 14.4 V, 89 Wh lithium-ion battery. A DC-
DC converter provides the 24 V required by the driver and
a Low Dropout Regulator with clip-in heat sink provides the
5V power supply to the Arduino stack. An annotated view of
one of the links is provided in Fig. 3.

All of the link equipment is housed in a custom-made,
polycarbonate enclosure. The additive manufacturing pro-
cess allows the structure to be quickly modified to suit par-
ticular mission needs or to accommodate upgraded compo-
nents. Each link has a mass of∼3 kg and is approximately 39
cm long from joint to joint. Due to geometry constraints, the
joint rotations are limited to ±90 degrees. The link’s weight
and dimensions are other areas that could be improved for
future design iterations. When four links are connected, the
total manipulator mass is similar to the FSS base spacecraft
mass. The inertia of the manipulator, when fully extended,



Fig. 1: Floating Spacecraft Simulator and the modular robotic arm on top of the 4-by-4 meter granite surface.

Fig. 2: Schematic representation of a Floating Spacecraft
Simulator with the modular manipulator in a capture mission
scenario.

Fig. 3: Annotated view of on link of the modular manipulator.



Fig. 4: Denavit-Hartenberg parameters (adapted from [25]).

greatly surpasses the FSS inertia. This large mass and iner-
tia causes a strong dynamic coupling between the manipula-
tor and the base spacecraft that may be detrimental to some
applications. Additionally, the currently-used Arduino Wi-Fi
shield has been discontinued and will eventually require an
upgrade when a replacement is required.

As the spacercraft-manipualtor system operates on an air-
bearing table, it is only able to recreate planar dynamics (two
translational and one rotational degrees-of-freedom). Three
links would then have been enough to achieve any desired
state of the end-effector. The forth link provides kinematic
redundancy to the system, allowing investigation of control
approaches for redundant manipulators (e.g. a zero reaction
maneuver [24] which uses the redundant degree-of-freedom
to eliminate any rotational base-reaction).

4. PARAMETER IDENTIFICATION

Once the manipulator has been assembled, a calibration pro-
cess is required to determine certain kinematic and dynamic
parameters. The kinematics relate the base spacecraft state
q0 and joint states qm with the end-effector state xEE . The
kinematic relationship between joints can be expressed using
the Denavit-Harteneberg (DH) convention shown in Fig. 4
[25, 26].

In the DH convention, there are four different parameters
that univocally describe the relationship between the Ji+1

and Ji joint frames. These parameters are shown in Fig. 4
and their geometric definition is provided in Table 1. Note
that these parameters need to be defined for each pair of con-
nected joints.

The current manipulator design and experimental set-up
only allows for planar motion and revolute joint types. It is
then clear that d = α = 0, leaving only two DH parameters
left for the calibration. The θ angle is the revolute joint vari-
able and thus it is not traditionally considered as a parameter
but offsets between the commanded and true revolute joint

variables may exist and thus an offset θ0i parameter will be
included.

In addition, if a base-spacecraft frame B0 is defined there
are three more parameters, location xBJ 1

, yBJ 1
and orienta-

tion θBJ 1
of the first joint with respect to the base, that need to

be defined. The kinematic relationship can then be expressed
as follows.

xEE = k (θ, θ0, a, xBJ 1
, yBJ 1

, θBJ 1
) (1)

The dynamic parameters are simply the mass of each link
mi, the location of the link’s center-of-mass and its inertia Ii
in the local link coordinates Li. As the link frame origin is
attached to the link center-of-mass the vector from the center-
of-mass to the next joint bi is also a dynamic parameter.

4.1. Kinematic Calibration

An iterative batch least square method is used to perform the
kinematic calibration. In this process, an initial guess of the
kinematic parameters will be iteratively refined to produce a
set of parameters that minimize the error of the end-effector
state xEE when comparing the kinematic model with respect
to multiple experimental observations.

For each link there are two different parameters θ0i, ai
that need to be estimated and three additional ones for the
base-spacecraft xBJ 1

, yBJ 1
, θBJ 1

. Note that the angular off-
set of the first joint θ01 and the orientation offset from the base
to the first joint θBJ 1

represent the same magnitude and thus it
will be assumed that θ01 = 0. For an n link planar manipula-
tor there will be 2n+ 2 parameters to estimate. These param-
eters can then be arranged in the ξk 2n + 2 one-dimensional
vector. The state of the end-effector xEE consists of three
different states (position and orientation).

To determine these parameters, multiple experimental ob-
servations of the end-effector state xEE are conducted for a
wide range of manipulator configurations. The joint variables
θi on the experimental observations are also recorded.

If s denotes the number of experimental observation,
these can be arranged in a 3s one-dimensional vector as
x̂EE . Using the current kinematic parameter estimates (or
the initial guess in the first iteration), the end-effector state,
according to the kinematic model, can be computed for the
different experimental configurations and also arranged as
a 3s one-dimensional vector x̃EE . The difference between
the experimental observations and the states derived from the
kinematic model is denoted by ∆xEE and can be expressed
as in Eq. (2).

∆xEE = x̂EE − x̃EE (2)

By linearizing the kinematics model, a batch least square so-
lution on the parameters ξ differences can be obtained by it-
eratively using Eq. (4). The Φk 3s × 2n + 2 matrix is the
Jacobian of the kinematic function (shown in Eq. (1)) at the
different observation configurations.



Table 1: Denavit-Hartenberg parameters and their geometric definition.

DH parameter Geometric definition

di,i+1
Distance between the Ji and Ji+1 origins along the k̂i axis. It

is also the prismatic joint variable.

θi,i+1
Rotation from îi to îi+1 along k̂i. It is also the revolute joint

variable.
αi,i+1 Rotation from k̂i to k̂i+1 along ĵi+1.
ai,i+1 Distance along the common normal between k̂i and k̂i+1

Fig. 5: Markers on the end-link used for the kinematic cali-
bration.

∆xEE = Φk∆ξk (3)

∆ξk =
(
ΦTk Φk

)−1
ΦTk ∆xEE (4)

Φk =


∂k
∂θ0 1

∂k
∂a 1

∂k
∂xBJ1 1

∂k
∂yBJ1 1

∂k
∂θBJ1 1

...
...

...
...

...
∂k
∂θ0 s

∂k
∂a s

∂k
∂xBJ1 s

∂k
∂yBJ1 s

∂k
∂θBJ1 s

 (5)

The results of Eq. (4) are used to update the kinematic
parameter vector ξk (initially set with an initial guess) and
the procedure is repeated (using the same experimental re-
sults) until the variations on the parameters is below a certain
threshold ∆ξk < ε.

Figure 5 shows the kinematic calibration experimental
set-up. The VICON motion capture system is used to obtain
the end-effector xEE and base-spacecraft states, while the
telemetry of the manipulator links provide the joint angles for
the different observations. As all the links are geometrically
identical, it is assumed that the a parameter is the same for all
the links except the last one (which is missing a subsequent
joint and thus is slightly shorter).

Table 2: Manipulator kinematic parameters.

Link 1 Link 2 Link 3 Link 4
ai [m] 0.3825 0.3825 0.3825 0.3351

θ0i [degrees] 0 5.801 -3.402 -1.391

Table 3: Base to first joint kinematic parameters.

Parameters Value
xBJ 1

[m] 0.2058
yBJ 1

[m] 0.0155
θBJ 1

[degrees] 18.211

The results of the kinematic calibration, using 13 mea-
surements, are shown in Table 2 and 3. The standard devia-
tion of the residuals is 0.015 m and 0.683 deg for the position
and orientation of the end-effector respectively.

4.2. Dynamic Calibration

The dynamic calibration is performed by taking advantage of
the non-holonomic constraint imposed by the base-spacecraft.
For a floating-base case with no external forces, the final base-
spacecraft state after a manipulator maneuver is completed
is dependent on the manipulator path followed in joint space
qm (t) and on the dynamic properties of the manipulator links.

If it is assumed that all the other system properties are
known (including the manipulator kinematic parameters and
the mass and inertia parameters of the base-spacecraft), the
final state of the base-spacecraft can be written as in Eq. (6)
with d () being the dynamics function.

q0f = d (b,m, I, θ (t)) (6)

The number of parameters to determine are 3n and a sim-
ilar batch least square procedure can then be performed. Let
q̂0f and q̃0f denote the observed and predicted (using the dy-
namic function) base-spacecraft states respectively.

∆q0f = q̂0f − q̃0f (7)

∆q0f = Φd∆ξd (8)



Table 4: Manipulator dynamic parameters.

Link 1 Link 2 Link 3 Link 4
mi [kg] 2.88 2.88 2.88 2.88
bi [m] 0.191 0.191 0.191 0.168

Ii [kg m2] 0.034 0.034 0.034 0.034

∆ξd =
(
ΦTd Φd

)−1
ΦTd ∆q0f (9)

Φd =


∂d
∂b 1

∂d
∂m 1

∂d
∂I 1

...
...

...
∂d
∂b s

∂d
∂ms

∂d
∂I s

 (10)

The same experimental set-up described in section 4.1 is used
for the dynamic calibration. To simplify the calibration, each
measurement, which corresponds to a unique maneuver, is
done only varying one joint angle. If this is the case, the path
is then simply reduced to the initial and final joint angles (sim-
plifying the experimental procedure).

The masses of the links can be measured with a scale, and
it will be assumed that all links have the same mass. Although
the reaction of the base is considerable (specially when the
first joint moves) the dynamic calibration procedure is very
sensitive to measurement uncertainty (mainly uncertainty on
the state of the base-spacecraft). Although every precaution
has been taken to obtain accurate data, the link’s center-of-
mass location is poorly observable and thus the calibration
procedure doe not yield accurate results. Therefore, it has
been assumed that the link’s center-of-mass lies in the geo-
metric center of each link.

To simplify the dynamic calibration even further, it is as-
sumed that all links have the same inertia. All these assump-
tions reduce to the number of parameters to be estimated by
the dynamic calibration to only one, the inertia of the links I .

The results of the dynamic calibration, using 8 unique ma-
neuvers, are shown in Table 4. The standard deviation of the
residuals for the base-spacecraft orientation after a maneuver
is 1.54 degrees.

5. WORKSPACE AND MANIPULABILITY
ANALYSIS

The workspace is defined as the reachable volume by an end-
effector. The primary workspace is where the end-effector
can reach regardless of its orientation (reachable workspace)
[25].

The case of a flying spacecraft that remains fixed in iner-
tial space (counteracting the manipulator coupling) is equiva-
lent to a manipulator with a fixed-based, and its workspace is
then limited by the manipulator geometry and its joint limits.
This workspace is referred to as the fixed vehicle workspace
and can be obtained using analytical or numerical methods

Fig. 6: Fixed vehicle workspace and kinematic manipulability
measure.

[27, 28, 29, 30, 31]. The fixed vehicle workspace of the de-
signed modular manipulator is shown in Fig. (6).

Due to the non-holonomic constraint imposed by the base-
spacecraft, the workspace for a floating case (where the base
freely reacts to the manipulator motion) is more difficult to
define. In the maximum reachable workspace, the path of the
manipulator is not specified, and it can be assumed that the
spacecraft is able to reorient itself through manipulator cyclic
motion. This workspace is then a sphere centered around the
system’s center-of-mass and with the radius defined by Eq.
(13), where gi is the distance from the link’s center-of-mass
to its previous joint. The R radius is also the total length of
the equivalent virtual manipulator [32, 33]). For the four-link
presented manipulator R = 1.3 m,

bVMi = bi

∑i
k=0mk

mtot
(11)

gVMi = gi

∑i−1
k=0mk

mtot
(12)

R =

n∑
i=0

(bVMi + gVMi ) (13)

A more useful workspace measure is the straight-path workspace,
which is defined as the volume that can be reached if the point
of interest (e.g. end-effector) is moved in a straight line from
the starting configuration. This volume is obviously con-
tinuous and its boundary can be numerically obtained by
subsequently moving the manipulator until it is no longer
possible to maintain a straight line motion. Geometric and
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Fig. 7: Floating straight-path workspace.

joint limits can be included when obtaining this workspace.
An example of this workspace is provided in Fig. 7. To
produce Fig. 7 the joint limits are considered when three of
the four joints have reached their limits. The kinematic re-
dundancy is thus exploited to avoid driving the joints towards
their limits As expected, due to the low mass and inertia
of the base-spacecraft when compared to the manipulator
ones, this workspace is much more limited than its fixed-base
counterpart.

The kinematic manipulability ellipsoid provides a quan-
titative measure of the ability to move a manipulator point
(usually the end-effector) in a particular direction and to ob-
tain the velocity transmission ratio from joint space to opera-
tional space along that direction. These ellipsoids are a tool to
seek optimal manipulator configurations to perform a task in a
certain direction. An example of fixed-base and floating base
kinematic manipulability ellipsoids is provided in Fig. 8. As
expected the fixed-base ellipsoid is much larger than its float-
ing base counterpart. The area of the ellipsoid is known as
the kinematic manipulability measure, and for the fixed-base
case, this is shown in Fig. 6.

6. CONCLUSIONS

A four-link modular robotic manipulator has been designed
and built to operate on a air-bearing table test setup. When
connected to a base-spacecraft the system is able to recre-
ate the planar dynamics of a spacecraft-manipulator system.
The modularity of the links allows rapid rearrangement and
adaptation of the system to the type of test to be conducted.
Four links have been built as it provides one extra degree-of-
freedom, providing kinematic redundancy and allowing the
investigation of control approaches for redundant manipula-
tors.
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