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Abstract— Modern myoelectric hand prostheses continue to
increase in functionality, while their control is constrained by
the limits of myoelectric input. This paper covers the development and testing of grasp control systems for multifunctional
myoelectric prosthetic hands. The functionality of modern hand
prostheses is often focused on the task of grasping, which can
be divided into high-level grasp planning and low-level finger
control. Initially, models can used to test these control systems,
but for proper evaluation actual implementation on a physical
system is required. The University of Bologna (UB) Hand IV
prototype is an anthropomorphic, tendon-driven robotic hand,
which makes it well-suited to represent the structure of modern
prostheses. One of the main control systems tested in this
paper is based on the intrinsically passive controller (IPC), the
structure of which offers guaranteed passivity and stability.
After several grasping tests, the systems are evaluated on
compliant behavior, grasping ability, and dynamic appearance.
IPC proves to be a powerful approach to interaction control,
without the associated sensor requirements which could be
difficult to meet in modern hand prostheses.

I. I NTRODUCTION
Unilateral amputees often use their sound hand to perform
single-handed tasks. During bi-manual activities, the sound
hand is used to manipulate objects while a prosthesis is used
for support, which mostly involves the grasping and holding of objects. Current commercially available myoelectric
prostheses [1], [2], [3] and recently developed prosthesis
prototypes [4], [5], [6] are becoming increasingly anthropomorphic, with a high number of degrees of freedom (DOF).
To effectively use this increased functionality while still
remaining intuitive to the user, new grasp control systems
are required. Such a system needs to provide a small but
versatile selection of distinct grasp types (Figure 1), which
can be operated with simple myoelectric commands for grasp
selection, opening and closing. The grasp controller itself
will then determine the right finger positions and orientations.
Once the target positions have been determined, the fingers
also need to be properly controlled to their end position.
Since the hand has to interact with an unknown environment
while remaining sufficiently safe for human interaction, this
control needs to be both compliant and robust [7].
Basic position or force control systems respond badly to
interaction with the environment [8]. To remedy this, several
variations of interaction control have been developed, which
* MIRA - Institute for Biomedical Technology and Technical Medicine
(Control Engineering Group), University of Twente, The Netherlands.
† LAR DEIS - Laboratory of Automation and Robotics, Department of
Electronics, Computer Science and Systems, University of Bologna, Italy.
This research (Project: MyoPro) is funded by the Dutch Ministry of
Economic Affairs and the Province of Overijssel within the Pieken in de
Delta (PIDON) initiative.

978-1-4577-1198-5/12/$26.00 ©2012 IEEE

(a)

(b)

(c)

Fig. 1. Illustration of the different grasp types to be analyzed: (a) The
lateral grasp; flexing all fingers and using the thumb to grasp flat objects.
(b) The cylindrical grasp; surrounding an object with all fingers and the
thumb. (c) The tripod grasp; using the index finger, middle finger and thumb
to pick up small objects.

seek to establish a dynamic relationship with the environment. While this improves these systems’ ability to handle
contact, they often require additional information about the
system or its environment. The intrinsically passive controller
(IPC) [8] provides an alternative to these types of interaction
control. It consists of virtual springs exerting forces on the
fingertips of the hand; these springs are connected to each
other by a virtual object, which serves as the focus of the
grasp. An advantage of this system is that it only requires
fingertip position information.
The combination of IPC with a high-level grasp planner
allows a multifunctional prosthesis to perform a variety of
compliant grasps, while remaining intuitively controllable
with only few myoelectric input signals.
In this paper, the viability of the IPC system for prosthetic
grasp control is evaluated in comparison to position, admittance, and impedance control. Initially a bio-mechanical
model of the hand [9] is used for testing the interaction
controllers; the IPC controller then is implemented on the
University of Bologna’s (UB) robotic hand, the UB Hand
IV. Though not a prosthesis itself, the UB Hand IV is used
as a testbed for the control of hand prostheses because of its
anthropomorphic design and high number of DOF.
This paper is organized as follows: in Section 2, the design
choices and features of the UB Hand IV are described.
Section 3 covers the various control systems and their
components. In Section 4, the control system parameters are
derived, and the experimental protocol is explained. Section 5
describes the experimental results. We conclude in Section 6,
and the results and directions for future work are discussed.
II. UB H AND IV DESIGN
Current robotic hands are mainly designed based on conventional mechanics and robotics. Alternatively, the human
hand can inspire an innovative robotic hand design. This
approach has been adopted within the DEXMART project
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Fig. 2. A diagram illustrating the UB Hand IV’s wrist base frame, index
finger base frame, and the Denavit-Hartenberg parameters of the fingers.

[10] for the development of the UB Hand IV. In this section,
the main features of the hand’s anthropomorphic design are
discussed.
A. Parameters
The UB Hand IV possesses a total of 20 independent
DOF, divided across 5 identical fingers. Each finger has three
flexion/extension DOF, with one adduction/abduction DOF
in the proximal joint. The distal flexion joint of each finger
is passive; it is coupled to the middle flexion joint by an
internal tendon.
The Denavit-Hartenberg parameters of the fingers are
shown in Figure 2. The joint angles of each finger are
mechanically constrained to the following intervals:
θ1 ∈ [−π/18, π/18] and θ{2, 3, 4} ∈ [0, π/2]

(rad) (1)

B. Endoskeletal structure
The endoskeletal design of the UB Hand’s fingers allows
sufficient room in the hand for sensors and related electronics. However, the complex shapes of the links are difficult
to manufacture conventionally. Therefore, an additive manufacture technology (fused deposition modeling) has been
implemented. Currently, integrated pin joints are used to
connect the phalanges [11]; the design of these joints can
be seen in Figure 3.

Fig. 3. A close-up view of the UB Hand IV’s integrated pin joints, as
well as its internal tendon paths. Flexion tendons are marked in red, the
extension tendon is blue, and the passive tendon is marked in purple.

Routing the tendons from the motors to the joints is often
done via pulleys attached to the joints, which is mechanically
complicated. In the UB Hand, the tendons are routed through
canals within the endoskeletal structure of the phalanges. The
use of these tendon canals is a convenient solution due to
its simplicity, though it introduces distributed friction along
the tendon, which needs to be accounted for [14], [15]. A
complete description of the UB Hand IV finger kinematics
and tendon network can be found in [16].
D. Control
The hardware used to control the UB Hand IV can be
seen in Figure 4. Since the I/O board does not possess
a sufficient number of input and output channels, two
interfacing boards for the multiplexing/demultiplexing of
the signals have been built. The controllers are developed
in a Matlab/Simulink [17] environment on a separate PC,
using the Matlab Real-Time Workshop toolbox.
As modern hand prostheses continue to increase in
both anthropomorphism and DOF, the UB Hand’s design
makes it a fitting testbed for the control of future hand
prostheses.
III. C ONTROL SYSTEM STRUCTURE

C. Tendon-based transmission
As current technology does not allow the placement of
more than a few actuators in an anthropomorphic robotic
hand, it is necessary to place the actuators remotely, and use
tendons for force transmission. Various tendon configurations
have been proposed in literature [12], [13]. For the UB Hand
IV, an ‘N + 1’ tendon configuration has been adopted, which
can be seen in Figure 3. In this configuration, each joint
DOF is actuated by a separate flexion tendon, with a single
communal tendon for extension. It allows control of all joint
DOF with a minimal number of actuators, and without any
pretension mechanisms.

To provide an intuitive way of governing the complex
motions of all the prosthesis’ joints, the control system is
organized hierarchically. Based on myoelectric input signals
from the user, a high-level grasp planner provides target
behaviors for the low-level controller, which governs the
individual fingers. Various possible implementations of these
systems, and their advantages and disadvantages, are discussed in this section.
A. High-level control: grasp planning
To allow the user to easily perform a grasp, the grasping
process has to be divided into several discrete stages, which
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Fig. 4. A block diagram describing the UB Hand IV control hardware.
For actuation, commercial DC motors with integrated speed reducers and
absolute encoders are used. The I/O board is a Sensoray 626 PCI analog
and digital I/O card. The real-time control PC is a Pentium 4 at 1.8 GHz
running the RTAI Linux operating system [18].

can be switched between by means of input signals. In
general, two stages can be defined: preshaping and grasp
execution. Once a grasp type has been selected, the grasp is
preshaped by moving the fingers to the correct starting position for that grasp. Grasp execution involves the automatic
closing of the grasp around an object, the degree to which
can be controlled by the user.
According to the requirements analysis performed in [7],
three important grasp types for daily activities are the lateral,
tripod, and cylindrical grasps. The end positions of these
grasps are shown in Figure 1.
The lateral grasp (Figure 1(a)) can be used for grasping flat
objects securely. Preshaping is performed by fully flexing the
index through little fingers, with grasp execution consisting
of flexion of the fully unopposed thumb.
The cylindrical grasp (Figure 1(b)), for powerfully grasping larger objects, is preshaped by fully opposing the thumb
and executed by flexing the thumb shortly after starting to
flex all other fingers simultaneously.
The tripod grasp (Figure 1(c)) is a precise grasp used to
pick up small objects. It is preshaped by opposing the thumb
to the index and middle fingers, and fully flexing the little
and ring fingers. Grasp execution consists of flexion of the
index finger, middle finger and thumb.
To control a grasp with this system, only five input signals
need to be distinguished; three for selecting the grasp type,
and two for opening and closing the grasp.

B. Low-level control systems
These control systems calculate the desired wrench to
be applied to each fingertip (WEE ), which is converted
into torques on the individual joints of the finger using the
Jacobian (J(θ)):
τ joints = J(θ)T WEE

(2)

Fig. 5. The various components of the IPC. Virtual springs (blue) with
stiffness (K) connect the virtual object (Mv ) to the fingertips (M). The
virtual object is connected by another spring (Kv ) to the virtual end position
(red). A damper (b) is also connected to the virtual object. On the right,
a detailed view of a virtual spring is shown, with variable endpoint frames
Ψi and Ψj .

1) Proportional control: The most basic method of control used here is a Cartesian proportional control system. It
applies a fingertip force linearly dependent on the distance
from the fingertip position (x) to the target (xd ), defined by
the gain value (K):
WEE = K(xd − x)

(3)

Proportional control is easy to implement, but is not a valid
method of handling interaction [19]. Therefore, the use of
this type of control system is limited to preshaping the hand
or performing free space motion.
2) Interaction control: To make a control system more
robust to contact, it can be designed to control the dynamic interaction with the environment. Several possible
approaches are available, all of which establish a relation
between internal/external forces and positions/velocities of
the fingers.
One way of approaching this is admittance control. It
involves implementing a basic proportional controller, and
changing its reference position based on external forces. The
relationship between the measured external forces (Fext ) and
target/reference positions (xd /xr ) is modeled as a mechanical admittance, with inertia (M), damping (D), and stiffness
(K):
Mẍr + D(ẋr − ẋd ) + K(xr − xd ) = Fext

(4)

The resulting new reference position (xr ) is then entered into
the proportional controller (3) instead of the previous target
(xd ) to calculate the fingertip wrench to be applied.
In [19], it is argued that the environment of any manipulator can best be described as an admittance, and that for
proper dynamic interaction the manipulator should behave
like its complement, an impedance. In impedance control,
the difference between the fingertip’s current state (position,
orientation, and their derivatives) and that of the target
determine the wrench to be applied. In this case, its implementation is similar to a spring-damper system:

The desired joint torques are then converted to actuator
torques by the UB Hand IV’s torque controller [16].
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WEE = D(ẋd − ẋ) + K(xd − x)

(5)

Fig. 6. Simulation results for cylinder grasp testing on the UB Hand model in free space (above) and with an object (below). The index fingertip x
position is shown in red, and its z position in blue (see Figure 2 for the finger base frame).

Alternatively, this control can also be located in the joints
themselves, establishing a direct relation between the current
and desired joint angles/velocities, and the joint torques [20].
It should be noted that the mentioned interaction control systems may require more advanced information on
the system, such as external forces and velocities. While
improving the dynamic behavior, these added requirements
can be restrictive.
3) Intrinsically Passive Control (IPC): This control
method [8] establishes virtual springs between the fingertips
and a virtual object, the dynamics of which are modeled
in the controller. The virtual object is the center of the
grasp, and is connected via another spring to a virtual end
position. A diagram representing this controller can be seen
in Figure 5. The virtual springs, shown in Figure 5, exert
wrenches (W) on their end points i and j, with coordinate
frames Ψi and Ψj , respectively. These wrenches consist of
torque (m) and force (f ) components, and are based on
the differences in orientation (Rij ) and position (pji ) of the
endpoints as follows [8]:


mi
Wi =
(6)
fi
m̃i = −2(Go Rji )A − (Gt Rij p̃ji p̃ji Rji )A − 2(Gc p̃ji Rji )A

(7)

f̃i = −Rij (Gt p̃ji )A Rji − (Gt Rij p̃ji Rji )A − 2(Gc Rji )A

(8)

e represents the twist operation, and ( )A determines the antisymmetric part of the matrix. These torques and forces are
based on translational (Gt ), orientational (Go ) and coupling
(Gc ) co-stiffnesses, which can be calculated from regular
stiffness matrices (Kt , Ko , Kc ) as follows:
1
Tr(K∗ )(I − K∗ )
(9)
2
where ∗ = t, o, c and I is a 3 × 3 identity matrix. These
stiffnesses can be changed in order to control the applied
force. Additionally, the springs’ rest length can be controlled
by changing their connection points [21].
G∗ =

A damping force is applied to the virtual object, which
guarantees the asymptotic stability of the system [8]. As the
virtual object’s state is fully observable, the implementation
of damping can be done without requiring additional sensors.
The points on the virtual object where the virtual springs are
connected can be chosen in such a way as to surround an
object with the fingers, which improves grasp performance.
The grasp planner can control the system’s dynamic behavior
through manipulation of the virtual spring parameters and the
location of the virtual end position.
IV. E XPERIMENT DESIGN
Before implementing and evaluating the different controller types, the appropriate parameters and setpoints should
be determined. Afterward, the test protocol for simulation
and UB Hand experimentation is described.
A. Controller parameters
The main parameters governing the interaction controllers’
behavior are the damping (D) and stiffness (K) gains, which
are chosen with regard to the maximum force that the hand’s
motors can continuously provide. In the UB Hand’s case, this
is approximately 50 N. The stiffness value is set accordingly,
and the damping value is then tuned experimentally.
Relevant parameters for the IPC (Figure 5) include the
inertial parameters of the virtual object (Mv ), the damping
coefficient (b), and the stiffnesses of the virtual springs (K,
Kv ). The virtual springs’ stiffness values can be determined
in the same way as with the interaction controllers. To make
sure the higher-order system created by the application of
damping directly on the virtual object resembles a basic
second-order system as closely as possible, two limits are
placed on the parameters: the mass of the virtual object
should be lower than the mass of the rest of the system, and
the spring connecting the virtual object to the virtual end
position should be more compliant than those connecting
the virtual object to the fingertips [22]. Additionally, to
achieve critical damping, the damping coefficient (b) should
be determined as follows:
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Fig. 7. Experimental results for free-space tripod grasping with the proportional controller (above) and IPC (below), implemented on the UB Hand IV.
The fingertip x position is shown in red, and its z position in blue (see Figure 2 for the finger base frame).

b=I·

p

Kv M

(10)

where (Kv ) is the (scalar) stiffness of the spring connecting the virtual object to the virtual end position and (M )
represents the weight of the finger.
B. Grasp planning
Depending on the grasp type, the interaction control grasp
planner assigns preshaping and grasping setpoints for each
finger; these can be switched between by the user. To move
the fingertips across a naturally curling trajectory, a path
planner is implemented, using polar interpolation between
the current fingertip position and the desired end point.
The IPC grasp planner determines two main parameters
based on the grasp type: the location of the virtual end
position (which influences the virtual object’s location), and
the location of the virtual spring end points, which represent
the desired end configuration of the fingertips. Additionally,
fingers that are not participating in the grasp are set to full
flexion, and are not connected to the virtual object. For
preshaping, the virtual springs’ rest length is set to a high
value, surrounding the virtual object with the fingertips and
allowing the user to position the hand around the target.
To close the grasp, the rest lengths are gradually reduced.
During grasping, any obstruction of the fingers’ movement
will result in displacement of the virtual object, and the grasp
focus will shift accordingly. This allows the hand to adapt to
varying object shapes and motions, increasing the stability
of the grasp.
C. Test protocol
As the current UB Hand hardware does not have sensors
capable of determining joint velocity or external forces, the
tested impedance and admittance controllers could not be
implemented on it. Therefore, initial testing and evaluation
of all controllers is done on a dynamic model of the UB
Hand [9], implemented in Simulink [17]. In this simulation,
the controllers are used to perform grasping motions with
and without a simulated obstruction. After initial evaluation,

the IPC system is transferred to the UB Hand hardware. It is
then used to execute the three grasp types shown in Figure 1
with and without an object.
V. R ESULTS
The performance of the controllers was evaluated both
in simulation and actual experiments on the UB Hand. The
simulations and grasp trials all lasted for 1.2 seconds, with
the controller changing from preshaping to closing at t = 0.2
s. The results of the simulation tests can be seen in Figure 6.
During free-space grasping, the IPC transferred from preshaping to grasping without discontinuity, while the interaction controllers exhibited a sudden start of motion. This did
result in a response time delay of 0.1 s for the IPC. After the
initial simulation tests, a cylindrical object was added to the
model. While all controllers handled contact with the object
well, the IPC reached its equilibrium position sooner than
the interaction controllers.
Testing on the UB Hand IV was performed using IPC, as
well as a proportional controller already present on the system. The results of these tests are shown in Figures 7 and 8.
During free-space grasping the IPC showed some oscillations
before arriving at a stable position, whereas the proportional
controller moved directly to the target position.
The compliant behavior of the IPC during grasping resulted in a stable grasp; for example, when the thumb’s
limited abduction angle did not allow it to move to the
virtual object’s position, this caused the virtual object to
shift accordingly, moving the grasp focus and completing the
grasp. The proportional controller did not perform as well in
this scenario, stopping before the fingers fully surrounded
the object and not accommodating the object’s motion.
VI. C ONCLUSIONS AND FUTURE WORK
To compensate for the increased number of DOF in
modern myoelectric prosthetic hands, advanced hierarchical
control systems are necessary. The system developed here
contains a global grasp planner, which sends setpoints to
low-level finger controllers. This paper features the UB
Hand IV, an anthropomorphic robotic hand developed by
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Fig. 8. Experimental results for cylinder grasping of an object with the proportional controller (above) and IPC (below), implemented on the UB Hand
IV. The fingertip x position is shown in red, and its z position in blue (see Figure 2 for the finger base frame).

the University of Bologna using a three-dimensional printing
process. It is used as a testbed for the development of
prosthetic hand controllers; given the increase in DOF of
modern prosthetic hands, control systems tested on the UB
Hand IV can be considered suitable for implementation
in future hand prostheses. After evaluating several types
of interaction control, IPC was selected for testing, as it
provides compliant control while working with only joint
position information. This makes it useful for the control of
prosthetic hands, which often interact with the environment
and have tight constraints on available space and weight.
IPC has been implemented and tested on the UB Hand IV,
performing three basic grasp types that represent activities
of daily living. The results show that the IPC system is
able to compliantly grasp a variety of objects and capable
of dynamically adapting the focus of the grasp.
In future work, the development of a multifunctional prosthesis prototype with joint-mounted Hall sensors for angular
position and force sensors in the fingertips would allow for
the evaluation of IPC and interaction control systems in a
practical setting. Additionally, real-time myoelectric input
signals from test subjects can be used for evaluation of the
high-level control system.
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