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SYNOPSIS

The Shadow Robot Company has spent the last 3 years developing a modular general-purpose
humaniform dextrous manipulator for CLAWAR robotics. It incorporates best practices in
actuation, modular electronics design, and *NIX compatible interfacing. This paper describes
the development of this hand, and illuminates some of the design choices made.

BACKGROUND AND MOTIVATION

A wide variety of CLAWAR machines have been produced over the years, and a limited
number of commercial successes have been recorded. Successive UNECE/IFR reports ([1],
[2]) have suggested that there is an important future market for robotic systems; analysis of
the domains in which this market is expected (personal, medical, assistive, entertainment)
suggests that the field as a whole may be significantly limited by the technical capabilities
that CLAWAR machines can offer in the performance of work for the end user. Although
some of the future large markets are not expected to be dependent on the availability of high
quality manipulators, the development of high-quality solutions to common human problems
in the general case is certain to require capabilities similar or superior to those of humans.
Ongoing work in the CLAWAR Economic Prospects workpackage seems to bear this out.
The capabilities of a machine are usually limited by power, movement, manipulation and
control issues, most of which are being actively addressed by many other groups, and it is for
that reason that we have concentrated recent work in this area.

Literature and market searches performed internally have showed us that a variety of levels of
manipulator capability exist, but those that come close to the flexibility and performance of
the human hand are usually limited in their applicability, or are unavailable commercially.

1 This article is (C) Shadow Robot Company 2003. Limited reproduction rights have been granted to
Professional Engineering Publications for purposes assigned by CLAWAR. 



The long-term goal of the Shadow Robot Company is the production of general-purpose
useful robots; this will require machines of at least the capability of the human hand, and so
we have developed a dextrous robotic hand design using the human hand as a model. This
results in a single manipulative device which can operate in almost all situations where a
human being could perform manipulative functions. Further it can also function in
environments that would be dangerous or difficult for a human. Adaptations of the design
could also function at different scales, under extreme conditions or in highly-hazardous
regions, and we hope to see this kind of future development taking place.

TARGETS

The Hand system was intended to provide the full range of movements of the human hand,
with levels of fine movement and dexterity approaching the human. We did not want to
discover that a design compromise had reduced the overlap between the set of tasks humans
can perform and those the Hand could perform.

Our original intention was not to break new ground in the standard research areas of robotics,
but simply to select and implement best-practice at the time. Surprisingly, we found that this
was commonly not possible; in some cases there seemed to be no conclusive indication as to
how to proceed in a given area, and in others there was no way to obtain information allowing
us to choose between options.

COMPONENTS

The Hand system can be viewed in several ways. Here, we will describe the component
architecture as it is perceived at Shadow. 

� Air Muscles [3],[4],[5] are used
to provide compact light-weight
compliant actuation for the
system. These are packed into the
forearm and jostle for space. This
implementation strategy
significantly reduces the design
work necessary with the actuator
mounting, and makes it relatively
simple to, for example, upgrade a
movement by replacing an
actuator with a larger and more
powerful one, as proved
necessary for the wrist. Systems
that have used other actuators
seem to have had problems
packing the actuators within the

envelope of the robot or have used a reduced number of actuators and complex mechanical
linkages to give the impression of more actuators [6]. The use of muscles allows a very
large number of actuators to be used; however, this requires a large valve manifold. The
inherent compliance of the muscles significantly reduces control issues for the Hand, and
has enabled us to obtain impressive results with open-loop finger control.

Illustration 1Air muscles (32) jostle for space in the wrist



� a physical humaniform hand with
24 axes of motion replicating
those of the human hand as far as
possible. Hand A used the human
bone structure, with long bones
running from the wrist to the
fingertip; this however made the
spreading movements dissimilar
to the human, and the lack of
good-quality skin was a severe
problem. Box-type palms with
separate mounting for the little
finger (to provide an extra degree
of freedom for that finger)
proved easier to work with and
providing a more accurate
spreading motion, although

lacking the curving palm surface that would be wanted for a human hand. The current
design choice is to provide a three-part palm, permitting some degree of closing around the
object being manipulated without having a high degree of mechanical complexity. In the
current versions, the actuators are mounted in the same area that the human uses for
muscles – the forearm. However, for industrial applications we are developing an alternate
mounting for the muscles with tendon cabling to allow the hand to be used directly on
standard wrist mounts.

� stable accurate sensing for position feedback. Several methods have been tried, and the
preferred solution is Hall Effect sensing of magnetic field generated by diametrically-
polarised ring magnets. Whilst this has certain theoretical problems (for example, the
system will behave in an interesting way when handling magnets) these have not yet been
seen in use. The significant advantages of this approach for us are that there is no
mechanical cross-axis connection, and that Allegro's ratiometric Hall Effect devices [7]
have 50 Ohm buffered outputs, minimising system noise.

� sensitive tactile capability. This is an area where we were particularly surprised by the lack
of best practice. (If there is a good solution, please tell hand@shadow. or g. uk)
Methods that had been prototyped by others seemed to be unavailable commercially, or
impossible to pack into the space constraints of a finger, or of such constructional
complexity as to preclude their use. Simple one-bit sensing using small switches was
investigated, but the mechanical complexity outweighed the reward. Following customer
feedback, we have implemented a variant optical sensing mechanism providing detection
down to 0.03N  with a moderately linear response, sampled to 12-bit accuracy.

� integrated modular electronics for valve control and sensing. A collection of modules has
been produced, using a combined CAN and 8V connector as the Databus and Power
component. A simple protocol is used on top of CAN to provide configuration information
and hot-plugging of modules. Modules exist for multiple analogue sensing (e.g. 64 8-bit,
16 12-bit), for driving solenoid valves (16 or 56 channels), for driving motor/shaft encoder
setups and other purposes. These modules have been made available as Open Hardware
[8],[9]. The motivation for producing custom electronics rather than using off-the-shelf
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parts was simply that available parts tended to be physically large compared to the
constraints of robotic systems. The effort required to develop these components has
repeatedly paid off, both in terms of in-house design capabilities, and in the ability to do
direct reuse in other projects.

� compact construction of manifold valve blocks. Earlier versions of the system used
standard pneumatic valves in off-board configurations. This permitted easy prototyping
and maintenance, as well as allowing the use of low-cost valves. But it had the significant
disadvantages of reducing the portability of the system, as well as introducing long tubing
carrying air to the muscles, reducing performance to unacceptable levels. In order for the
Hand system to be a viable super-module with good pneumatic performance, it must
contain a significant proportion of its infrastructure and have the valves local to the
muscles. Hence we have produced units containing 6 or 12 valves with pressure sensors,
the whole unit being small enough to be mounted in the Hand. We are currently developing
a 72 valve unit that will mount the muscles directly, producing further gains in space and
weight.

� well-defined communications protocols. We use the broadcast/multicast properties of CAN
for distribution of sensor and actuator data. Hardware nodes have the ability to declare
their existence to the network, allowing us to support hot-plugging of nodes as well as
reset-on-failure semantics, and a small set of protocol-specific CAN messages are used to
configure the hardware nodes. Of the 2048 standard CAN message ID's available, we have
used 7 for the protocol. We have, however, approached the limitations of the performances
of CAN – for a 64-channel 8-bit sensor board, reading each sensor every millisecond
swamps the CAN bus. Better protocols for high-bandwidth applications are therefore
required.

� Peering and multi-master capabilities. We have implemented control systems spread across
two hardware nodes, where a sensing node broadcasts sensor data and a valve driver node
receives this data, as well as setpoint values, and drives the corresponding valves to obtain
the position control. This can produce significant traffic reductions on the bus, at the
expense of requiring that the control algorithm be implemented in an 8-bit microcontroller.
However, these algorithms can be prototyped on the desktop using either soft or hard real-
time capabilities, and then migrated to the embedded controller once stable.

� software subsystems providing real-time interfacing. A suite of code for RTAI[10] has
been produced including drivers for hardware and data conversion, such that hardware data
sources and sinks can be calibrated and reached from both real-time and non-real-time
software.

� implementation of Linux API - software for standard UNIX tools. A library simplifying
access to the system has also been produced, so the complexities of direct use of an ioctl
interface can be avoided. This has allowed the final implementation of robot software to be
surprisingly clear. Appendix 1 shows a control loop in C.

� high-level control modules for kinematics, sequencing and other functions. These have
been developed in-house to fulfill local needs; we are actively investigating integration
with other open projects like OROCOS[11], the RETF group[12] and other open robot
systems. This integration work is, however, somewhat hampered by the high startup cost in
understanding another system well enough to attach to it.



In order to apply the CLAWAR guidelines, it was first necessary to identify the components
that were candidates for re-use or replacement, and then to refine their designs, All electronics
modules having CAN interface were seen as clear candidates – they share common data-space
interaction, receive power from the bus, and have small form-factor, thus increasing the
chance that they can be re-used in other designs. The only other significantly modular
component is the valve block, which has already seen internal reuse. The final finger design is
converging on a modular solution, but we do not see this as a priority goal.

The whole Hand system is a good module (or super-module). It has a clean databus and
power interface, contains its own sensing and control systems, whilst still allowing the use of
off-board sensing and control if the application warrants. The mechanical interfaces can be
either to the forearm “bone” or to a standard robot wrist fitting; however, in the latter case it is
necessary to move the valves and actuators off-board the Hand. 

EVOLUTION OF THE SYSTEM

No robot platform arrives at its final version without passing through a substantial history on
the way. We will discuss some of the preceding components and versions of the Hand system
with special reference to the use of non-traditional materials for prototyping of working robot
components, the evolution of modular electronics platforms, and the tradeoffs involved in the
production of this robot platform.

The original Hand development work (Hand A) was performed mostly in maple. This is an
unusual material for robotic construction but fits the needs of prototype systems very well.
Hand A had a skeletal structure very similar to the human inside the palm; however, it proved
difficult to develop a viable thumb base in this
technology. The electronics for Hand A were all
off-board, as were the valves, and this produced
the usual problems with significant sensor noise
and delays in piping reducing the pneumatic
performance. Software and control was done on an
ad hoc basis. However, we were able to get Hand
A to pick up a pint of beer in a straight glass
without sensors – this told us that the principle of
using Air Muscles to construct dextrous
manipulators was sound. 

Hand B was more extensively developed. A
parallel plate design was used for the fingers, with
the plates being plastic. The spacing pillars were
also used to anchor tendons and to mount springs
for spring return. Some tendons were routed along
the edges of the plates in carefully-cut channels
designed to modify the effects of the contraction curve of the muscle. Diametrically-polarised
ring magnets were mounted on the axles and sensed by Hall Effect sensors on the other side
of the joint.

The palm of Hand B was a box-section; an inset allowed the construction of a 6-jointed
thumb. This was slightly more that the human thumb, but it was found to be simpler than
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alternative designs. The palm also
housed the bulk of the electronics for
Hand B - a 64-channel sensing
node. The 8 ADCs for this board
were distributed about the hand
itself, allowing a minimum of
distance to sensors.
A 2-joint wrist was also
implemented on Hand B. The joint
itself was assembled around a tendon
routing channel; all tendons in Hand
B were routed through this channel
and then to their respective finger.
The channel, and similar routing in
the other parts, allowed coupling of
movement from one joint to the next
to be kept to a minimum, at the cost
of a rise in friction in the joints. However the high initial force available from a fully-
extended Air Muscle easily overcomes this. 

At the time of writing, Hand C is now underway. It addresses several of the weak points in
Hand B, moving to a completely enclosed structure for the fingers and providing significant
improvements in robustness, sensing and performance. 

For Hand A, the nature of the underlying materials allowed repeated modifications to the
mechanical structures permitting extensive rework without restarting the design. Electronics
was mostly assembled from pre-existing hardware, with a small amount of custom
construction; however, sensing was not a particular target for Hand A.
Hand B was undertaken in a more structured way. Many iterations of finger prototypes were
produced, and extensively tested; this data was fed back directly into the finger design
process. The final design for the finger is shown in Illustration 5. Thumb and finger mounting
also underwent extensive development, but the system tests revealed flaws that would have
been hard to predict without assembling the whole system. Because of the complexity of the
whole system, it was not possible to assemble even a subset of it until very late in the process,
and so a collection of issues were not determined until very late in the process.

Illustration 4 Palm Box Structure



FUTURE DEVELOPMENTS

The substantial development described here is that of the Hand B system. Work is ongoing at
the time of writing to produce Hand C. Requirements for Hand C have been produced in the
light of feedback from researchers and our own internal analysis of Hand B. This has
suggested that the design target for Hand C would be a compact Hand with a fully-modular
interface. Hence, this redesign includes the production of a compact valve unit incorporating
as many valves as Hand B required, as well as improving the support of tactile and other
sensing modalities of the Hand. The result of this process should be a significant step
forwards in the availability of high-quality manipulation capabilities for CLAWAR machines.

Illustration 5 Final design of Hand B



However, significant work remains to be undertaken in the areas of grasping and
manipulation control of such systems. At present, operations like Illustration 6 are performed
using scripted movements or datagloves. Moving to a more effective control model is the next
major stage, and we hope to undertake such work in collaboration with research partners in
the coming months.
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APPENDIX 1: SAMPLE CONTROL LOOP

/ *  Set  up r obot  l i br ar y* /
  r obot _i ni t ( ) ;  

/ *  Fi l l  i n sensor  st r uct ur es wi t h channel  det ai l s * /
  r obot _sensor _f r om_name( " f i nger _adc_10. 9" ,  &i nput ) ;
  r obot _sensor _f r om_name( " base_st at e. 0" ,  &t ar get ) ;
  r obot _sensor _f r om_name( " f i nger _val ves_10. 1" ,  &out put ) ;

  do {
/ *  Get  t i mest ep * /
    RTI ME cur r ent _t i me = r t _get _t i me_ns( ) ;
    f l oat  t i me_si nce   = ( cur r ent _t i me – pr evi ous_t i me) / 1000000. 0;
 
/ *  Get  t he l ast - ar r i ved t ar get  and i nput  sensor  val ues * /  
    t ar get _val  = r obot _r ead_sensor ( &t ar get ) ;
    i nput _val   = r obot _r ead_sensor ( &i nput ) ;

/ *  Run t he cont r ol  model  * /
    out =cal c_er r or s ( t i me_si nce,  t ar get _val - i nput _val ) ;

/ *  Send t he val ue t o t he act uat or  * /
    r obot _updat e_sensor ( &out put ,  out ) ;

/ *  Ti me handl i ng * /  
    pr evi ous_t i me = cur r ent _t i me;
    r t _t ask_wai t _per i od( ) ;
 
  }  whi l e ( 1) ;
  


