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Abstract—This paper presents the design, implementation and
experimental validation of a novel robotic haptic exoskeleton device to measure the user's hand motion and assist hand motion
while remaining portable and lightweight. The device consists of a
ﬁve-ﬁnger mechanism actuated with miniature DC motors through
antagonistically routed cables at each ﬁnger, which act as both active and passive force actuators. The SAFE Glove is a wireless and
self-contained mechatronic system that mounts over the dorsum
of a bare hand and provides haptic force feedback to each ﬁnger.
The glove is adaptable to a wide variety of ﬁnger sizes without
constraining the range of motion. This makes it possible to accurately and comfortably track the complex motion of the ﬁnger and
thumb joints associated with common movements of hand functions, including grip and release patterns. The glove can be wirelessly linked to a computer for displaying and recording the hand
status through 3D Graphical User Interface (GUI) in real-time.
The experimental results demonstrate that the SAFE Glove is capable of reliably modeling hand kinematics, measuring ﬁnger motion and assisting hand grasping motion. Simulation and experimental results show the potential of the proposed system in rehabilitation therapy and virtual reality applications.
Index Terms—Data gloves, force measurement, grasping, haptic
interfaces.

I. INTRODUCTION

T

HE HUMAN hand is capable of obtaining information as
well as executing complex tasks. The hand has a variety
of functions, though the most important are the sensory and the
motor functions [1], [2]. According to topography, sensibilities
are classiﬁed into two categories: 1) superﬁcial sensation that
provides skeleton and muscles position information, and 2) deep
sensation that provides external stimuli. It is the association of
both the sensory function and the motor function that makes
the hand an important organ that provides information and accomplishes daily tasks. As a wearable device on a human hand,
in order to better interact with the hand or provide rehabilitation function to the ﬁngers, the haptic glove should have similar
functions to the human hand, including the ability to measure
ﬁnger position and force, and provide active force feedback to
the hand. With all these previously mentioned functions, haptic
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gloves would better assist the creation of virtual objects in virtual reality (VR) [3]–[5], enhance the remote control of teleoperation [6]–[8] and provide active movement assistance for
rehabilitation [9]–[11].
A. Finger Joint Angles Measurement Methods
With the technological developments in recent years, the
most common instruments and methods used for measuring
hand kinematics include glove-based electro-mechanical
sensing devices [12]–[14] and marker-based hand motion
tracking with [15]–[17] or without the use of markers [18]–[21].
Most of those data gloves were constructed from plastic or
Lycra to allow ﬂexible movement, with a variety of sensors to
measure the angle of the bend, such as resistive ink sensors,
ﬂexible tubes, strain gauges and optical ﬁbers [12]. The gloves
were both inexpensive and lightweight but not particularly
accurate, since the crude gesture recognition abilities were sufﬁcient for the speciﬁc application for which they were designed
for (e.g., gaming). Markerless visual tracking systems have the
potential to provide natural, noncontact methods to measure
hand motions. However, since the hand contains 27 degrees
of freedom [22], such high-dimensional state-space usually
demands intensive computation, which leads to a low update
rate. Marker-based capture systems usually consist of surface
markers and image sensors (e.g., the Vicon motion systems).
They offer higher precision and faster measurements compared
with the markerless vision-based hand sensing system. However, they are inconvenient to use since a number of the markers
need to adhere to the hands during the entire measurement
procedure and require time-consuming calibration.
B. Force Measurement Methods
From literature, we can ﬁnd that there are mainly three approaches to measure the contact force between the human ﬁngertip and an object:
The ﬁrst approach is to attach a force sensor such as a strain
gauge to the object. This method permits precise measurement
with high resolution sensor, but the disadvantage is that users
have to develop different kinds of custom-made devices for different experiments. To measure three different objects, three sets
of force sensors need to be attached and three calibration procedures need to be performed. As more objects are added in this
experiment, the method becomes increasingly tedious.
The second method is to insert a thin force sensing resistor
(FSR, InterLink Electronics Inc.) between the ﬁngertip and the
object. The main advantages of these sensors are their low cost,
small thickness and ﬂexibility, which allows the sensors to
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easily ﬁt in a data glove. This method applies to various types
of experiments [23], [24]. The main drawback of this method
is that the user cannot feel the tactile information from the
object since the sensor is between the ﬁngertip and the object.
As a result, the sense of touch of that ﬁnger is deadened [25]
and the sensor may modify the user's behavior (grasp force).
Besides, the nonlinearity, drift, saturation and hysteresis of the
FSR make them difﬁcult to be applied in custom-fabricated
solutions [26].
Mascaro et al. proposed a camera based on the method to detect contact forces by analyzing the color change of a ﬁngernail
[27]–[29] such that different color changes correspond to different contact forces. This method allows the ﬁnger to directly
contact the object without obstructing the natural haptic sense
of the ﬁnger. However, the disadvantages of this method are obvious; the result varies signiﬁcantly from person to person, and
the calibration procedure is difﬁcult.
Recently, some researches have proposed a new way to measure the force between the ﬁnger and the object during grasping
[30]. The idea involves measuring the deformation of the ﬁnger
pad when it's contacting the object. When the ﬁnger touches
the object, normal deformation of the ﬁnger pad changes the
width of the ﬁnger. This change can be measured by the sensor
at the side of the ﬁngertip, thus the user can touch the object
without putting any sensors between the ﬁnger and the object.
This method overcomes the disadvantages mentioned above and
was adopted into the SAFE glove design.
C. Force Feedback Gloves
Haptic gloves equipped with actuators can provide active
force-feedback to the hand of the user. Force information is
critical since without force feedback it is difﬁcult to understand whether an object is in a stable grasp position for the
operator in Virtual Reality (VR) and teleoperation applications.
Recently, several ﬁve-ﬁnger force feedback devices have been
developed[10], [31]–[36]. Those ﬁnger haptic devices can be
divided into passive or active force feedback devices.
The passive haptic gloves [3], [34], [37] use brake, controllable dampener or electromagnetic clutch to provide the resistance force. The user can feel the resistance force when the passive actuator is engaged. Torque can easily be controlled by the
passive force haptic devices since the torque is proportional to
the current, or the magnetic ﬁeld, which excites the coil or the
damper. The passive devices never harm the user, even if the
devices become uncontrollable. Therefore, safety is another advantage of these haptic gloves. However, passive devices still
have problems compared to active force feedback devices: (1)
the passive actuators are heavy and bulky, (2) due to the inductance elements, they take a relatively long time to respond,
which means that they may not be suitable for real-time control,
(3) when the hand remains motionless, they cannot provide any
force feedback.
The active force feedback gloves primarily use a bilateral
force output method. Motor or pneumatic cylinders are controlled to provide the force feedback. One potential problem is
that the device may hurt the user's ﬁnger if it becomes uncontrollable. To avoid this failure, most of the active haptic gloves
limit the maximum output force to about 10 N.
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Fig. 1. CAD model of the Hand and SAFE glove system.

D. The State-of-the-Art
The RMII-ND [5], [38] is the most cited noncommercial
haptic glove. By actuating a pneumatic piston located inside
the palm, the glove can generate a force of up to 16 N to each
ﬁnger (without the little ﬁnger), which opposes the closing of
the hand (single direction force). With a weight of only 100 g,
the glove is lightweight and comfortable to wear. Each piston
has sensors to measure its displacement and the ﬁnger position.
Air compressor and other supporting devices are required to
power and control the RMII-ND. However, the RMII-ND may
be limited in its applications to laboratory and clinical settings.
This is due to its limited workspace, heavy weight of the air
compressor and potential difﬁculty for patients who are affected
with spasticity and their ability to put on the glove.
The CyberGrasp [39] is one of the most successful haptic
gloves available on the market. The glove is mounted on the
back of the hand and weighs 350 g. The actuation tendons pull
the glove mechanism to provide force feedback up to 12 N to
each ﬁnger in the direction of oppose the ﬁngers closing (only
one direction force feedback).The separate control and actuator
unit has a weight of 20 kg, which makes the device's portability
difﬁcult. Due to lack of position sensors, the CyberGrasp needs
an extra data glove (CyberGlove) to provide sensing. Though
it costs over $100K, the Cybergrasp is one of the most typically cited commercially available systems. Therefore, the CyberGraps could be expensive, fatiguing to the operators, unreliable and intrusive [40].
Numerous research efforts have attempted to recreate hand
forces, but in general they don't have all the three functions that
were mentioned above. If we can measure and record (position,
rotation and force) how humans grasp objects effectively, this
will greatly help to program a robotic hand for various grasping
functions. The authors believe that, for the haptic glove, it
is fundamental to be able to measure the hand position and
contact forces quantitatively to provide force feedback for various applications, such as VR, rehabilitation and teleoperation.
Thus, greater detail is required for improving the ﬁve-ﬁnger
haptic glove design. The authors then propose using a novel
haptic-glove (CAD model is shown in Fig. 1) based on an
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Fig. 3. Electrical design diagram of the SAFE Glove system.

Fig. 2. SAFE Glove prototype worn on a hand.

articulated hand model to measure ﬁnger length from multiple
movements. This device is a newly developed, lightweight and
portable haptic glove that ﬁts on a bare hand. It is adaptable to
a wide variety of ﬁnger sizes without constraining the range of
motion. This makes it possible to accurately and comfortably
track the complex motion of the ﬁnger joints and add a sense of
touch to the users' ﬁngers. Based on this glove, a novel method
was developed to generate a hand kinematic model, which
includes the length of ﬁnger phalanges and joints locations.
This paper is organized as follows. Section II brieﬂy summarizes the mechanical and electrical design of the glove system.
Section III discusses a method for measuring ﬁnger length by
modelling the hand using least squares circle ﬁtting procedure
from a collection of points, and uses the proposed glove to realize the method. Section IV describes a hand motion experiment to evaluate both the glove design and the hand model. Finally, Section V provides the conclusions and discusses future
work.
II. FIVE-FINGERED HAPTIC GLOVE DESIGN

user ﬁngers. As a result, the mechanism limits the range of motion of the ﬁnger and the measurement accuracy [43]. The two
features of the SAFE Glove, which eliminate the joint axes misalignment problem, are the passive pivot and ﬂexible link of
the printed circuit board (PCB). The passive pivot joint allows
the ﬁnger to bend in the direction of abduction/adduction freely,
while minimizing the undesired forces on the articulations and
maintaining the accuracy of the sensor measurement. This allows a long PCB link to bend as the ﬁnger bends to compensate
for the joint inclination, while keeping the pad block ﬁrmly attached to the ﬁngertip.
The structures of the mechanical links for each ﬁnger are
the same except for the thumb. Due to the unusual geometry
of the thumb joint and large workspace, the three-linkage design is not possible to comfortably and repeatedly secure an exoskeleton mechanism to the proximal link. Thus, one more link
was added to the thumb base to decouple several off-axis rotations as shown in Fig. 1 (denoted by “Link 0”).
Through study of anthropomorphic data and optimization
analysis [44], we selected optimum linkage lengths for each
link of the glove mechanism. Because a single actuator drives
the three links, this property not only makes the glove simpler
and lighter, but it also allows the ﬁnger mechanism to be
self-adapting to different ﬁnger sizes. The kinematic analysis
of the glove mechanism detail can be found in Appendix.

A. Mechanical Design
The ﬁve-ﬁngered haptic glove is a follow-up to the two-ﬁnger
glove developed [41]. It is a lightweight, portable, sensing/actuating system that ﬁts on a bare hand and is attached to the ﬁnger
tips as shown in Fig. 2. The total weight of the ﬁve-ﬁngered prototype is 275 g, including one 9 V rechargeable battery (20 g),
one control unit (25 g), six actuator assemblies (30 g each) and
mechanical exoskeleton (50 g).
The links of the ﬁve-ﬁngered glove form a series of three
linkages over each individual ﬁnger [41]. According to [42] the
human ﬁngers axes are not orthonormal to the sagittal plane.
Human ﬁngers do not bend in a single plane since the relative
orientations of the ﬁnger joint axes are not perfectly parallel to
each other. A simple planar linkage was not acceptable because
the joint-axes misalignment between the ﬁnger and the glove
mechanism can generate uncomfortable translational forces on

B. Electrical Design
The block diagram of the electrical system design for this device is shown in Fig. 3. The system is composed of a host unit
and a portable haptic glove. The host unit is made up of a wireless RF transmitter (XBee, which is compact in size and easy
to use. Its 1 mW transmission power at 2.4GHz provides 30 m
working range indoors) and a PC which collects, records and
displays the joint angles and force measurements, while simultaneously sending the control data back to the glove system. The
haptic system includes a glove skeleton and an electrical control
interface.
The focus of the electronics is on the development of a circuit interface board (Fig. 4) in a compact size, which incorporates 21-channel A/D converter (15 for ﬁnger joint sensors and
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Fig. 4. Custom PCB design, (a) top view, (b) bottom view.
Fig. 6. Two modes of measuring force: (a) and (c) Haptic mode—measuring
the force between the glove and ﬁngers; (b) and (d) Record mode—measuring
the force between the ﬁngers and the object.

Fig. 5. Location of strain gauge sensors at the ﬁngertip mechanism.

6 for motor current measurement), 5 differential input channels, 1 dual /differential 16-to-1 channel multiplexer, 6 dc motor
drivers, a wireless module and a microcontroller.
To reduce the complexity of the mechanical and electrical
construction between the ﬁngers and maximize the ﬁnger
workspace, two customized PCBs with mounted three angular
position encoders (Hall element sensor EM-3242) are used
as the two links of the ﬁnger mechanism (Link1 and Link3,
as shown Fig. 1). The three angular encoders (two on Link 1
and one on Link 3) provide accurate joint angle measurements
for calculating each ﬁnger's conﬁguration and position. After
calibration, the joint rotation resolution of the Hall-effect
rotation sensor was experimentally determined to be 0.37 .
The joint angle error was less than 0.8% of the total range of
motion (120 ) and the error was well below the Just Noticeable
Difference (JND) of proximately 2.5 for the PIP and MCP
joints [45]. Thus, no extra angular encoder sensors are needed
to be attached to the joint. These encoders are soldered directly
onto the PCB board, which is used as both a mechanical link
and a carrier of electrical components and signals. This dual
function makes the glove mechanism lighter without sacriﬁcing
strength. Strain Gauge sensors were used to measure contact
forces, which are mounted on the ﬁngertip pad, as shown in
Fig. 5. The ﬁngertip mechanism was designed to be slightly
smaller than medium sized ﬁngers and it can be easily bent to
adapt to different ﬁnger sizes. Strain was measured along the
longitudinal and the transverse axes using pseudo-differential
input channel of a sensor interface (Analog Devices, Inc.,
AD7708). Motor current is also measured through a shunt circuit on the custom PCB. Thus, both joint angle and torque/force
measurements are collected for feedback control and for data
analysis.
The control module is a MK20DX128 microcontroller (32
bit ARM Cortex-M4 by Freescale) used to manage the sensor

measurement, which performs several functions: reading and
conditioning the sensor data, controlling the force magnitude
applied at the user's ﬁngertips through controlling the motor rotation, and communicating with the host unit. In this case, the
microcontroller speed is set to 96 MHz. Additionally, software
running on the control module conditions the rotation and force
signals with low pass ﬁlters with a cutoff frequency of 10 Hz,
converts them into human joint angles and calibrates forces in
less than 1 ms and transmits the data through a wireless module
with an update rate of 100 Hz.
The battery used was the Powerizer LI-9V400 (9 V, 400 mAh,
dimensions
mm, with 20 g of weight), which
can last as long as 70 min under continuous operation (average
power consumption of the whole system is about 300 mA).
Communication between the haptic glove and host computer
is accomplished through wireless RF modules. The wireless
transmission speed is
bits/s. The transmitted data from
the haptic glove contains ﬁnger joint angles and measured ﬁngertip contact forces. The data that the haptic glove receives includes motor speed and forces to be applied to the operator's
ﬁnger. The adoption of the RF module and the compact mechanical and electrical design made the glove wireless, portable
and self-contained.
C. Measuring Force
It has been known that during grasping, the main contact
forces between the ﬁngers and the objects are normal to the ﬁngertip surface [46], [47]. Some applications, such as VR, teleoperation grasping and rehabilitation engineering, consider forces
in this direction the most useful. Thus the ﬁngertip force sensors mainly sense the actual force applied by the ﬁngertip in this
direction. The locations of touch sensors at the ﬁngertip mechanism are shown in Fig. 5. Four Strain Gauge (SG) sensors are
used to constitute a force-sensing platform to measure the ﬁngertip force in two different modes: Haptic Mode and Record
Mode.
Fig. 6 shows the differences between the two modes, with or
without the Velcro attached to the ﬁngertip. It is easy and quick
to switch between the two modes, since only a piece of Velcro
needs to be removed or attached.
In the Haptic Mode, only SG1 is used to measure the force between the ﬁngertip and the haptic glove. As shown in Fig. 6(c),
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when the hand bends, the Velcro pulls SG1. When the hand extends, the ﬁngertip pushes the mechanism, thus SG1 bends in
the opposite direction. The contact force, between the ﬁnger
and the mechanism, is then acquired. These force signals are
fed back to the microcontroller which controls the actuator to
make appropriate adjustments, such that the desired force proﬁle is perceived by the user. In Haptic Mode, 5 SG1 sensors on
ﬁve ﬁngers were directly connected to the ﬁve pseudo-differential input channels.
In the Record Mode, the SAFE Glove is adapted to a demonstration device to record the measurement of ﬁnger and thumb
joint angles, and ﬁnger pressures associated with common
movements of hand functions including grip and release patterns. Similar to [30], SG 2, SG3 and SG4 are used to measure
the force between the ﬁngertip and the object in Record Mode.
The contact force was obtained by averaging all the three force
values. 15 strain gauge sensors (SG2, SG3 and SG4 on each
ﬁnger) were connected to a dual /differential 16-to-1 channel
multiplexer, which was connected to the pseudo-differential
input channel. When the contact force increases, the ﬁngertip
pad deforms more and the force sensors can pick up this change
through the bending of the glove mechanism. Without the
Velcro on the ﬁngertip, nothing inhibits the tactile sensation
since the pad of the ﬁngertip is exposed to allow the user to
feel the texture of different objects directly. As discussed in the
ﬁrst section, it is better to allow the ﬁnger direct contact with
the object. Evaluation results of those two modes are shown in
Section IV.
III. WORKSPACE ANALYSIS OF HAND AND GLOVE
A. Human Factor
The human hand is one of the main organs for us to interact
with the environment. Each hand contains approximately 29
bones and 34 muscles to move all the ﬁngers [1]. Such high
degrees of freedom and massive neural connections provide an
enormous ﬂexibility to perform all kinds of ﬁnger movements,
such as touch, press, grasp, squeeze, throw, etc. On the other
hand, the complex mechanical property makes modeling the
hand kinematics and hand motion a challenging problem for
researchers [49]. The precise teleoperation, VR and rehabilitation tasks of haptic gloves require an accurate hand model (i.e.,
ﬁnger length and joints location) in order to achieve an accurate
control and reduce the motion sensing errors.
The interactions between the kinematics of the hand and the
size of the glove have a great effect on hand gesture and grip
force. Haptic gloves need to be designed for both convenient and
safe use. The glove workspace should ideally cover the entire
hand workspace. The detailed kinematic analysis can be found
in [41].
B. Hand Workspace Analysis
One major challenge in artiﬁcially generating haptic sensations is that haptic gloves should allow the user to make desired
motions without restricting the operator's motion, thus requiring
back-drivability and sufﬁcient degrees of freedom of motion.
The anthropometric data of the average length for each ﬁnger
phalangeal segments are listed in Table I based on [50]–[53].

TABLE I
PHALANX LENGTH OF EACH FINGER (MM)

TABLE II
FINGER JOINT MOTION RANGES

This data and information are used as design parameters of the
haptic glove. The data is also used to calculate the workspaces
of each ﬁnger.
Regarding the motion ranges of each ﬁnger joint, the authors
did not ﬁnd similar detailed anthropometric data available in the
medical literature, but only some limited studies were published
[54]–[56]. In order to make the glove design adaptable to larger
populations, the union of all of the above collection sets was
combined to calculate the workspace of each ﬁnger. The combined motion ranges are shown in Table II.
MATLAB Robotics Toolbox [57] was used to model both
the human hand and the haptic glove. Each ﬁnger was created as serial kinematically-rigid robots, using the standard Denavit-Hartenberg (DH) notation. Based on this toolbox, when
the joint angles vary through their known ranges, point clouds
are generated inside the workspace. Alpha-shape method [58]
was adopted to calculate the workspace volume based on those
points cloud. Based on the ﬁnger length and joint ranges of motion deﬁned in Tables I and II, the 3D workspace for all the
ﬁngers can be obtained, as shown in Fig. 7. As the ﬁgure illustrates, the thumb workspace intersects with all the other ﬁngers workspaces, implying that the workspace analysis should
be correct.
C. Workspace Analysis of SAFE Glove
Since most of the human hand activity depends on the movements of the thumb and the index ﬁnger, the workspace of these
two ﬁngers for both the glove and the hand is analyzed in this
subsection. According to the four-linkage mechanism model
[41], and the optimized link lengths and joint motion ranges
as depicted in [42] [link
mm ,
,
,
(degree)],
the 3D workspace for the index ﬁnger can be obtained, as shown
in Fig. 8 (human ﬁnger workspace is also included for comparison). Similarly, the thumb mechanism and the thumb ﬁnger
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Fig. 10. Finger length measurement.
Fig. 7. Workspace of all ﬁve ﬁngers.

IV. EXPERIMENTAL RESULTS
A. Finger Length Measurement

Fig. 8. Workspace of the index ﬁnger (ﬁnger workspace:
mm ).
Glove workspace:

Fig. 9. Workspace of the thumb. (Thumb workspace:
mm ).
thumb mechanism:

mm ,

mm , Glove

workspace are shown in Fig. 9. As Figs. 8 and 9 illustrate, the
ﬁnger workspace is a subset of the mechanism's workspace for
both index and thumb ﬁngers, ensuring the glove allows unimpeded ﬁnger motion. This means that the new mechanism design
should ideally cover this entire workspace. Similar results are
seen for the workspaces of the other ﬁngers and mechanisms.

It is fundamental to measure the ﬁnger position and orientation quantitatively for hand motion analysis. While assessing the
hand function, besides the ﬁnger joints, the ﬁnger length information is also required. During the measurement stage, ﬁnger
length and joint angles are the most essential factors. However,
most of the previously mentioned research is mainly focused on
measuring the ﬁnger joint angles during a speciﬁc movement.
There is still lack of studies aimed at analyzing ﬁnger length,
which highly affects the ﬁngertip position. Since ﬁnger rotation axes are difﬁcult to locate, the length of the ﬁnger is prone
to artifacts. Thus, improving ﬁnger length measurement accuracy is required. The authors then propose a novel measurement
method which uses haptic-glove on an articulated hand model
to determine ﬁnger lengths from multiple movements [60].
The glove design allows an individual to place the glove on
their hand and get actual ﬁnger angles regardless of the hand
size. Thus, the key elements of modeling the hand are: 1) to
measure the length of the user's ﬁngers, which directly takes
input from the individual user, 2) to map the mechanism joint
positions directly into human ﬁnger angles through forward and
inverse kinematics based on the ﬁnger length and ﬁxed glove
mechanism geometries.
The proposed solution determines the ﬁnger length parameters using a circle ﬁtting procedure from a collection of points
with the ﬁve-ﬁngered glove mechanism. In this experiment,
only planar movements are considered and the axis of rotation
is supposed to be perpendicular to the plane of motion. After
wearing the glove, the user is asked to rotate the MCP joint of
the ﬁnger in ﬂexion/extension direction while keeping the PIP
and DIP joints at zero degrees as much as possible. Concurrently, the glove records the ﬁngertip curve-like trajectory. The
method of least squares ﬁtting of circles is used to analyze the
kinematic model. The experimental result is shown in Fig. 10.
According to [59], lengths of three phalangeal segments of
each ﬁnger are approximated by a “Fibonacci” sequence (i.e., 2,
3, 5, 8) from distal to proximal. Thus, the length of each phalanx
is the sum of lengths of the other two distal segments. Following
this relationship, the length of each phalangeal segment can be
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Fig. 11. Strain gauge # 1 linearity test.

Fig. 13. Contact force measurement experiment.

Fig. 14. 3D GUI of hand kinematics.

C. Contact Force Measurement Experiment

Fig. 12. Minimum load test.

calculated. The ﬁnger length results may be stored to allow the
same user to use the device again without recalibration.
According to [59], lengths of three phalangeal segments of
each ﬁnger are approximated by a “Fibonacci” sequence (i.e., 2,
3, 5, 8) from distal to proximal. Thus, the length of each phalanx
is the sum of lengths of the other two distal segments. Following
this relationship, the length of each phalangeal segment can be
calculated. The ﬁnger length results may be stored to allow the
same user to use the device again without recalibration.
B. Strain Gauge #1 Calibration
In the Haptic Mode, to experimentally simulate the normal
force applied to the ﬁngertip mechanism, different weights were
suspended from the Velcro. Fig. 11 shows the calibration result
for SG1 output over a range of 0–1000 g weight.
The force measurement linearity was less than 2.17% of the
total range (0–10N). Due to the inﬂexibility of the Velcro, the
maximum error occurs when the load gets close to zero. If the
ﬁrst two points (
and 0.1N) were removed, the linearity becomes 0.73%.
In the Haptic Mode, the output resolution of the SG1 sensor
was experimentally determined to be 2.5 g, as shown in Fig. 12.
For the Haptic Mode, no calibration process is required for different users when the SAFE Glove was calibrated.

A Load Cell (MLP-10, Transducer Techniques, Inc.) was
used to perform a comparative experiment with the force
readings from the glove. The Load Cell was ampliﬁed and
conditioned by the signal conditioner (TM0–2, Transducer
Techniques, Inc). Consequently, the Load Cell measurements
are used as reference for comparison. The SG sensors on the
ﬁngertip were sampled by the 16-bit fully differential input
channels at 100 Hz on the customized PCB. A low-pass ﬁlter
was implanted in the software to condition the SG output. The
measured force and SG data of the ﬁnger pad were simultaneously collected and recorded on a desktop computer.
In the contact force measurement experiment, after wearing
the SAFE Glove, the participant was asked to place the index
ﬁnger pad on top of the Load Cell and applied force three times
in about 20 s. As shown in Fig. 13, a typical experimental result
shows that the load cell output curve is analogous to the normalized contact force measured by SG3 (SG2 and SG4 have similar
results to SG3, thus they are not shown). The method of least
squares was used to normalize the sensor output. Fig. 13 shows
that it is feasible to measure the net contact force applied to the
ﬁngertip through the SAFE Glove.
D. Assisting Hand Motion Experiments
On the host unit, a 3D GUI was programmed based on an
open-source framework for haptics and dynamics simulations
(CHAI 3D [61]) with
to show the hand kinematics in
real time. The GUI can display the posture of ﬁngers and record
the positions of the ﬁngertip with three DOF (MCP, PIP, and DIP
joints) for each ﬁnger as shown in Fig. 14. Experiments to assist
hand motions were performed to evaluate the effectiveness of
the proposed glove.
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from Fig. 15 in terms of both direction and amplitude. Apparently, in the recording step (Fig. 15), the direction of this force
is always opposite to the direction of the ﬁnger movement due
to the inertial and friction effects of the mechanism. Our control
algorithm minimizes this force to less than 200 mN [41]. In the
assistance step experiment, this force is used to drive the hand
motion, thus the force direction is always the same as the direction of the ﬁnger movement and the amplitude is as high as
10 N. The similar relations can also be found in the motor current signal shown in the fourth row of Fig. 16. The experimental
results validate that the newly designed ﬁve-ﬁngered glove is
capable of reliably recording and assisting the hand function in
daily grasping movements.
Fig. 15. Index ﬁnger motion during grasping a bottle of water.

V. CONCLUSION AND FUTURE WORK

Fig. 16. Index ﬁnger motion during assisting grasping of a bottle.

The ﬁrst step of this experiment is to record joint motions
and ﬁnger pressures in the pick-and-place task. The task includes the procedure of gripping, lifting, placing and releasing.
Two objects, a 500 g bottle of water and a 200 g apple, were
tested in this experiment. In this step, the glove was controlled to
follow the ﬁngers movement by minimizing the force between
the ﬁnger and the glove throughout the motion. After getting
used to wearing the SAFE Glove, the participant was asked to
repeat the pick-and-place tasks ﬁve times in about 15 s. As a
representative example of the test results, the index ﬁnger motion result in grasping a bottle of water test is shown in Fig. 15.
The second step is to generate these movement patterns in
playback fashion to assist a “weakened” hand to accomplish
these movements. Since the user has a pair of healthy hands,
he was asked to passively follow the glove movement without
applying any active force. The glove was programmed to actively drive the user's ﬁngers to follow the position and force
trajectory from the recorded data. Similarly, the index ﬁnger
motion result is shown in Fig. 16. The other ﬁngers motions
have similar results and the apple grasping experiment is similar to the bottle grasping test. Both Figs. 15 and 16 display
similar joint angle trajectories and contact force between the
ﬁnger and object, which demonstrate that the glove was controlled smoothly and effectively. Regarding the force between
the ﬁnger and the glove shown in the third row, Fig. 16 differs

This paper proposed a new haptic device that is designed to
gather kinematic and force information of the user's hand and to
play back the motion to assist the user in common hand grasping
movements, such as grasping a bottle of water or an apple.
Moreover, the glove system architecture was also presented.
The lightweight self-contained glove is adaptable to a wide variety of ﬁnger sizes without constraining the range of the ﬁngers'
motion. With this glove system, the ﬁnger length information
can be acquired easily and intuitively so that the joint angle for
different subjects can be calculated through forward and inverse
kinematics.
The primary advantages of the SAFE Glove are as follows.
First, it is light-weight which reduces user fatigue and the
wireless communication capability with a PC or a mobile
robot [62]–[64] greatly increases its portability. Second, the
mechanical design is compact without limiting the natural rages
of motion of human ﬁngers. Third, it can accurately measure
the hand kinematics and provide force feedback information.
Fourth, the SAFE Glove is inexpensive. Furthermore, the
system is safe to the user and it can last over one hour of
continuous operation before the need to recharge.
Future work includes adding an Inertial Measurement Unit
that is composed of accelerometers, gyroscopes and magnetometers to the glove system to facilitate the measurement of
the whole hand position and orientation, such that the system
can be used for rehabilitation applications or be integrated with
virtual reality environments.
Ongoing mechanical reﬁnement of this device is being directed towards the use of smaller and stronger components to reduce bulkiness and improve comfort for the wearer. Later generation designs will consist of gloves pulled directly over the hand
with all operational components closely ﬁtted to the dorsum.
Concurrently, reﬁnement of our computer database will be directed to more elegant organization of the higher order movement variables, allowing faster feed-back to the system motors
and also for greater ease of use with future experiments.
On a larger scale the techniques developed in this research
project will mimic the brain-muscle interface of human movement patterns enabling the cataloging of normal hand function
(movement), thereby creating a data base which will be useful
for many future studies of functional hand movement.
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After solving (2)–(4), the mechanism joint angles
may be calculated using (5)–(7). The ﬁnger angles
are prescribed by the user

,

and
and

(5)
(6)
(7)
where:

Conversely, if the mechanism joint angles are known, by a
similar analysis, the exact ﬁnger position can be calculated,
which can then be used in applications such as medical training,
tele-operation, etc.
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