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Abstract—The human hand represents a complex fascinating
system with highly sensitive sensory capabilities and destous
grasping and manipulation functionalities. As a consequete,

estimating the hand pose and at the same time having the capa-

bility to provide haptic feedback in a wearable way may benet
areas such as rehabilitation, human-robot interaction, ganing,
and many more. Existing solutions allow to accurately mease
the hand con guration and provide effective force feedbackto the
user. However, they have limited wearability/portability. In this
paper, we present the wearable sensing/actuation system GEO
(Glove for Enhanced Sensing and TOuching). It is based on
inertial and magnetic sensors for hand tracking, coupled wth
cutaneous devices for the force feedback rendering. Unlikeision-
based tracking systems, the sensing glove does not suffeioiin
occlusion problems and lighting conditions. We properly dsigned
the cutaneous devices in order to reduce possible interfenees
with the magnetic sensors and we performed an experimental
validation on ten healthy subjects. In order to measure the
estimation accuracy of GESTO, we used a high precision optit
tracker. A comparison between using the glove with and withat

the haptic devices shows that the presence of them does notmig. 1: GESTO (Glove for Enhanced Sensing and TOuching)

induce a statistically signi cant increase in the estimaton error.
Experimental results revealed the effectiveness of the ppmsed

approach. The accuracy of our system, 3.32 degrees mean

estimation error in the worst case, is comparable with the hman
ability of discriminating nger joint angle.

Index Terms—Hand tracking, Haptic interfaces, Inertial and
magnetic sensors, Cutaneous feedback, Wearable technojog
Inertial measurement unit (IMU).

|. INTRODUCTION

Capturing, analyzing, and interacting with the human bod

and in particular with the human hands, is fundamental
several applications such as rehabilitation [1], humamto
interaction [2], and gaming [3]. In these contexts, weditgbi

represents a key point since it improves the way huma
interact with each others and the surrounding environmgnt [

Wearable devices have the advantages of being portable
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in a gaming scenario. It is made By MARG boards (blue)

for sensing, and wearable haptic devices (red) for force
feedback. It allows to estimate the joints values and roati

of the human hand with respect to a global reference frame.
Also, it can provide cutaneous haptic feedback to the user
while interacting with virtual/remote environments. A nubalr
solution is adopted in order to easily connect a different
number of cutaneous devices as well as allowing to sepgratel
use the sensing and the actuation components.

lell integrated into people habits, with the aim of proviglin
valuable information to the users. The idea is that techmolo
will increasingly become more a consistent part of our daily
W§ as it will be part of our clothing and sometimes even
part of our bodies [5]. In the last years, there has been an
ghc(ﬁeasing interest in developing new solutions to acelyat
track the human body and provide the users with realistic
haptic feedback. However, most of the existing solutiores ar
not completely wearable or portable. They usually rely on
grounded devices and/or structured environments.
Concerning the human body tracking, several techniques
were developed such as optical trackers, exoskeletongream
based tracking algorithms, and fabric-integrated sengs
curate optical tracking systems such as Vicon (Vicon Motion
Systems, UK) and Optitrack (NaturalPoint Inc., USA) exploi
active or passive optical markers to estimate the human body
con guration with high precision and accuracy. The main



drawback of these approaches is the fact that these frarkewatevice, using triaxial accelerometers, was developed g Ki
need a structured environment. Exoskeletons allow to acai-al. [20]. This device was used as a wearable mouse by
rately estimate the human pose thanks to their rigid stractwallowing three ngers to operate as the left, middle, andtig
and high quality sensors [6], [7]. Disadvantages resultast ¢ buttons. A sensing glove composed of inertial and magnetic
and weight. sensors was proposed in [21]. For each nger, the authors

Although the aforementioned solutions provide very precisised two pairs of triaxial gyroscope/accelerometer plamed
motion estimation, they are neither wearable/portableuse the proximal and intermediate phalanges, and a triaxial-mag
able in unstructured or outdoor scenarios. Towards theegincnetometer placed on the ngertip. The sensors were condecte
of portability, camera-based tracking algorithms becamet@ multiple micro-controllers in order to achieve an actera
widespread solution due to improvements in computer visi@stimation. The proposed data glove used one sensors board
techniques and progressive growth in computers compatdtiofor each phalanx, three MEMS sensors boards for the palm,
capabilities. In [8] and [9] the authors developed a hanckea and additional hardware to collect and process the data.
which employed a commercial RGB-D camera to extract the By considering all the aforementioned tracking methodolo-
position, orientation, and con guration of the human handjies, we focus on MEMS technology to estimate the hand
Commercial devices, like the Leap Motion (Leap Motion Incpose. This choice ts the requirements of designing a wdarab
USA), allow to simultaneously estimate the full hand con-gulow cost sensing system capable of working in unstructured
rations of both hands. However, camera-based solutions havnvironments with varying lighting conditions. Moreover,
some limitations: RGB-D cameras might not work properly isince the goal is to provide also haptic feedback exploiting
an outdoor environment due to the infrared interferencd, aoutaneous devices, a glove instrumented with MARG sensors
occlusions of the ngers may cause a poor estimation of thiepresents a good solution in terms of hardware integration
hand pose. user customization, and tracking capability.

A viable solution consists in using fabric-integrated deg, Concerning the haptic feedback, recently many haptic de-
e.g., datagloves based on piezoresistive, beroptic, reign vices were designed to be portable and wearable by using
and Hall-effect sensors [10]. In [11] the authors developedbrations and motor-driven platforms. Vibrotactile stilinare
a piezoresistive glove to measure the ngers exion. An imusually generated by DC motors with eccentric masses, which
proved version, which included also abduction measuresnerdan be easily integrated in devices like suits, bracelées,
was presented in [12]. A wireless low-cost glove based atoves, etc [22]-[24]. Although vibrotactile stimuli habeen
exible resistive sensors was presented by Borghedttil.[13]. successfully used to guide the human motion [25]-[27], they
This system was characterized by a low power consumptioan only provide multi-frequency patterns, with a limitedde
with a weekly battery lifetime. Recently, Biancht al. [14] feedback rendering capability.
built a prototype of a glove equipped with goniometers, Wwhic Motor-driven platforms devices use DC motors [28] or
was capable of reconstructing the whole hand posture (wibrvomotors [29] to tilt a mobile platform and render 3-D
the exception of the palm's orientation) in grasping task$orces on the nger pads. The idea behind these devices orig-
Despite the results, goniometer technology presents somates from the observation that stimuli received by ther,use
limitations related to the high number of electrical cortimts while interacting with an object, consist also of a cutarseou
per joint, which may reduce the wearability of the systensensation perceived by mechanoreceptors in the skin.du®vi
Different from camera-based trackers, data gloves redb@e researches demonstrated the potential of these interfaces
users to wear additional equipment (such as gloves), whigdtognizing the local properties of objects, such as shage a
may prevent the users to have a natural interaction with tedges [28]. Due to their reduced size, these devices can be
environment. integrated with an RGB-D tracker or with a Leap Motion

Another way to estimate the pose of the human body is tontroller in order to provide haptic feedback in virtuadhliey
use Micro Electro-Mechanical Systems (MEMS) technologinteraction [30], [31].

In particular, a MARG (Magnetic, Angular Rate, and Gravity) In this work, we use wearable cutaneous devices which pro-
board consists of a MEMS triaxial gyroscope, accelerometgide force feedback via motor-driven platforms. Even ifraib

and magnetometer. The sensors board can be integrated witactile motors represent a more wearable solution, cgiied
wearable device and used to reconstruct the pose of the hurdemen devices can generate a more realistic feeling offtouc
body. The main drawback of MARG sensors is that the majofe make the haptic interfaces more wearable, comfortable,
ity of the algorithms used to estimate their orientatioy@h and compatible with the proposed tracking glove, we design
the magnetometer, thus they are sensitive to variationedn & custom version of the devices presented in [29] and [31].
magnetic eld. In spite of that, tracking systems based as th Our contribution consists in presenting GESTO (Glove for
technology are commercially available and allow to acalyat Enhanced Sensing and TOuching) based on MARG sensors
track the whole body, except the hands, both in outdoor afat hand tracking and cutaneous devices for force feedback
indoor environments, under different lighting conditicasd (Fig. 1). The sensing glove can estimate the joints valudseof
free from grounded hardware [15]-[18]. Focusing on handsand as well as its rotation with respect to a global refezenc
a MARG tracking glove using 2-axis accelerometers wdsame. To the best of our knowledge, this represents oneeof th
developed in [19]. The authors, by means of six sensors placest attempts to combine a sensing glove based on inertidl an
on the ngers, made a whole-hand input device exploiting thmagnetic sensors with haptic tactile devices. A possitdadii

26 postures of the american sign language alphabet. A simi@antage of combining magnetometer and motor-driven device



TABLE I: Static constraints of the ngers.

Middle
) Index
Ring ) ) Abduction
o ) Flexion | Extension
_ Digit Joint Adduction
Pinky
oip T (deg.) (deg.) (deg.)
™ 90 15 60
PIP
P Thumb | MCP 80 0 0
MCP [ 80 10 0
McP MCP | 90 40 60
Index | PIP 110 0 0
Carpus ™ DIP | 90 5 0
Fig. 2: A simpli ed kinematic structure of the human hand MCP 90 40 45
having 23 Degr_egs of Freedom (DoFs): 4 DoFs f(_)r_eac_h_ nger viddie | pip 110 0 0
(two for the rst joint and one for each of the remaining jaiit
and 3 DoFs for the hand rotation. piP 90 S 0
MCP 90 40 45
Ring PIP 120 0 0
consists in having permanent magnet inside the devices that oIP . s B
might affect the performance of the magnetic sensors. To
overcome this limitation, we design the glove in order tcetak MCP | 90 40 50
advantage of the biomechanical constraints of the humad han Pinky | PIP 135 0 0
[32], [33]. To the best of our knowledge, our results repnése oI % 5 0
the rst experimental demonstration of the use of MARG

sensors coupled with cutaneous devices that simultangousl
(1) estimate the orientation and con guration of the hand an
(2) provide haptic feedback to the user. Different from &% joint, two in the metacarpophalangeal (MCP) joint and one
solutions, the proposed system is wearable, portable andnithe interphalangeal (IP). However, the abduction/atidac
can be used in indoor/outdoor unstructured environmetis. Tmotion range of the MCP joint usually can be neglected and
work is based on previous conference material [34] compargt thumb can be modeled with four DoFs. Index, middle, ring,
to which we provide herein a new and improved prototypgnd pinky ngers have two DoFs in the MCP joint (one for
of the sensing glove, a new haptic device, a more extendsgduction/abduction and another for exion/extensiomgo
theory, and a more comprehensive experimental validationin the proximal interphalangeal (PIP) and one in the distal
The rest of the paper is organized as follows. Sect. iliterphalangeal (DIP). Fig. 2 shows the model of the hand use
presents the kinematic model of the hand used in this woik. this work. Each nger is modeled using four parameters,
Sect. Il describes the proposed sensing glove and theitigickiwo for the rotation of the rst joint and two for the remairgn
algorithm used to estimate the hand pose. Sect. IV shows fb@t angles. The orientation of the palm is representedgusi
cutaneous haptic devices used for the force rendering. Bectquaternions. The hand model has 23-DoFs identi ed by 24
reports the results of the experimental validations, wh®reparameters, i.e., 20 values for the joints of the ngers and a
in Sect. VI conclusions and possible subjects of futureanede quaternion for the palm orientation.
are outlined. Even if the human hand is extremely articulated, movements
of the ngers are constrained to a specic range due to
Il. HAND MODELING dynamic and static constraints. Static constraints refahé

In what follows, we present the simpli ed kinematic modelimit of the range of nger motions as a result of the hand
of the hand, which will be instrumental in the design of th@natomy. Dynamic constraints are referred to the limitshan t
sensing glove. A complete human hand model has about}8its during motions. This typology can be divided in two
degrees of freedom (DoFs) [35]. For the sake of simplicity arf"oupPs, inter-nger and intra- nger constraints. Intenger
without loss of generality, we use a simpli ed kinematic Hanconstraints refer to the ones imposed on the joints values
structure. We model each nger as a planar kinematic chafétween different ngers. Intra- nger constraints relafiee
with one universal joints (two intersecting, orthogonaiaiete 0iNts of the_ same nger. These constraints were studied by
joints) and two one-dimensional hinges. In accordance wiffPPoset al.in [32].

[36], we assume that each nger has the metacarpal (MC) bondRecently, the authors enhanced the previous results with
xed with respect to the hand frame, and characterized by fothe following relationship for the index, middle, ring, and
DoFs. In a more complete model of the human hand, the thuripky [33],

has at least ve DoFs: two in the trapeziometacarpal (TM) pip ' 0:88 pip (2)



one on the back of the palm (Fig. 3). The last phalanx of
each nger is left uncovered to not affect the user's tactile
perception. The sensing glove uses an Arduino Nano with
an ATmega328 microcontroller. Arduino collects the rawadat
from the MARG boards, and sends them through an 115200
bps serial connection to an external computer in chargel of al
the mathematical computations. The update rate of therayste
is 50 Hz. In particular, the accelerometer sample rate is 1
kHz, the gyroscope can provide an 8 kHz output data rate,
whereas the magnetometer can achieve a maximum rate of
160 Hz in single measurement mode and 75 Hz in continuous
measurement mode. The glove is designed by considering the
50" percentile of European men and women, age 20-50. This
is a very common approach in objects design and ergonomics.
The housing of the sensors is designed in order to t the nger
and narrow the possible movements of the electronic board
as the hand/ ngers move. In what follows, we describe the
t[P]ré)cedure to calibrate the sensing glove and the hand bgcki
glgorithm based on MARG sensors.

Fig. 3: Coordinate frames and quaternion that express
orientation used for the MARG tracking system. In green
reported the orientation of the intermediate phalanx reteto

the proximal phalanf q; , and the orientation of the proximalA. Calibration of the sensing glove

phalanx with respect to the paltap . phalanx” q; , proximal Each MARG sensor requires an initial calibration (see the
phalanx "W gp, and paim%Wqo with respect to the world Appendix for further details). The tracking algorithm réms
frame w. an initial setup, which consists of three steps. In the tsps
the user is asked to displace the hand in a kn@aapriori
position, e.g., the user places the hand in a at surfacehim t
and phase, each MARG sensor collects 200 samples to estimate
ip " 077 mep (2) the gyroscope bias. In the second step, for each hand joint we
ampute the offset quaternion combining the joint estiorei

for the thumb. The authors found also that neither the haﬁ

position, nor the used hand (left/right) had an in uence oﬁnd the known posture. In the last step, similarly to [15], we

the linear relationship between the two distal nger joiniJse thea-priori knowledge of the hand kinematic chain to

angles. Static constraints on the values of each joint asedaa?sumate the length of the links. The user is asked to touch

on anatomical studies [32], [37]. Table | reports the statl® turn the ngertip of the thumb with the ngertip of the

constraints used in this work. Note that intra- nger coasits other ngers (index, middle, ring and pinky) and moving them

. . S Wifthout applying forces to the nger pads, to not violate the
are used to design the glove in order to minimize the number Oonstraint i1 Eq. (1). Since the distance between the ripést
MARG sensors while allowing its integration with cutaneou§ g. (1). o

haptic devices. Static constraints are used by the tracki r?%roé:t/i?n (;atlirc]) :]al;(? ?r?galgaa%ﬁ %fft?ﬁekg]::;ztlcsigg;g tof;?rgrc;\;e
algorithm in order to provide a correct estimation of the .. 9 S 9
human hand. initial value (taken from anthropometric measurementsy, w

perform an optimization algorithm to re ne the estimation.
The a-priori lengths of the ngers are used as a starting
point to initialize the optimization problem that minimie
the distance between the two ngertips. We validate this
The cutaneous devices considered in this work are assunpedcedure with synthetic data. This is a common approach
to be rigidly attached to the distal phalanges of the ngeilim the relevant literature when accurate measurements are
as the ones developed in [28]. Thus, we design a senshmyd to obtain [8]. We performed 30 trials. For each trial we
glove made byl1l MARG sensors (1 sensor for the palm andenerate hand con gurations with pseudo-random lengths of
2 sensors for each nger) and we exploit the biomechanictile phalanges and joints values (an admissible range oésalu
constraints reported in Sect. Il. For all the ngers, we placis considered). Joints values are corrupted with zero mean
the sensors on the intermediate and proximal phalanges &mlssian noise with a standard deviation of 3 deg, simgjatin
we model the relation between the upper nger joints, abe estimation error of the MARG sensors (Sect. V). The
described in Egs. (1)-(2). Each MARG boatdcontains a optimization procedure estimates the length of the phalang
triaxial accelerometer/gyroscope (InvenSense MPUG605@) awith an error less then 5% of the real bone length.
a triaxial magnetometer (Honeywell HMC5883L). Ten sensors
boards are placed on the dorsal surface of the ngers apd Hand tracking algorithm

IIl. DESIGN OF THE SENSING GLOVE AND HAND
TRACKING ALGORITHM

1Board refers to electronic board that contains the sensnds aher In Wh"_ﬂ follows, we report the joint es_tlmatlon for a generic
necessary electronic components. nger, since the same approach applies to all ngers. Let
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Fig. 4: The wearable cutaneous device is composed of twéoptas (a): one placed on the nail side of the nger and one in
contact with the nger pad. One small servomotor controks lgngth of three cables in order to display the desired ftoce
the user. The rendered 3-D model of the device from threergifft points of view is reported in (b).

Wao(t), Wap(t), Waq(t) be the quaternions that exprespossibility to provide haptic feedback in a wearable way,
the orientation, with respect to the global reference franamd thus contribute in bringing haptic technologies to ev-
w, Of the frames associated to the palm, to the proximatyday life applications. Minamizawat al. [39] found that

phalanx, and to the intermediate phalanx (Fig. 3). & the deformation of the nger pads due to the interaction
be the offset quaternions between the proximal phalanx awith an object can generate a reliable sensation even when
the palm, and” ¢, the offset quaternion between the interperceptions on the wrist and arm are absent. This implies
mediate phalanx and the proximal one, both estimated durithgit a simple device for reproducing the virtual object can b
the aforementioned calibration phase. The orientatiorhef trealized by recreating the nger pad deformation. Based on
proximal phalanx referred to the palm can be computed asthese observations Pacchierdadtial. [4] presented a 3-DoFs

0 0 W ) wearable cutaneous haptic device able to provide cutaneous

ar (1) = “aw (1) ae (1); stimuli at the nger pad. The device was made of a body that
where®qy (1) is the conjugate quaternion &fqo(t). Then, contained three servomotors (placed on the ngernail) and a
the quaternion which describes the rotation of the proximeiobile platform that applied the required forces. To have a

phalanx with respect to the initial con guration results more compact, wearable, and suitable solution for the inack
b 0 _ systems, Scheggt al. [31] developed a smaller 1-Dof device
de ()= "Go  “ae (): () for the force feedback rendering. The device was composed

The quaterniorp (t) is converted to the Euler angles repof two platforms: one placed on the nail side of the nger

resentation and used to compute the exion/extension adfd one in contact with the nger pad. Three cables and three
abduction/adduction values of the MCP joint. In the same, wa§prings connected the two parts, while one small servomotor
the orientation of the intermediate phalanx with respetheo controlled the length of the cables. The idea was to move the

proximal phalanx is estimated platform towards or away from the nger pad, to display a
b b W force at the user's ngertip.
G ()= "aw() g (1) In this study, we improve the design presented in [31]. We
and consequently, change shape and weight (reduced to 12.6 g) of the cutaneous
o b W _ device to optimize its use with the sensing glove. The size
a(t)="ap "aqw(t) ai (t): (4)  of the device is minimized and the motor (Hitec HS5035-HD

Then’ the Euler ang'es Conversion iS used to Compl‘%ital Ultra NanO) iS mOVed from the baCk Of the deVice to
the value of the PIP joint. Finally, the value of the DIFhe front, positioning it horizontally in order to removeeth
joint is obtained from the estimated values of the PIP joinflagnetic disturbance affecting the MARG sensors (Fig. 4).
exploiting (1). For the orientation estimation of each MARG
sensor with respect to the global world frameg,, we use )
the algorithm proposed in [38] since it achieves the loweét Haptic feedback

estimation error (see Sect. V) and it has only one parameteiy; the equilibrium static condition, the force induced by th

to be set (see the Appendix). nger pad is balanced with the forces generated by the three
cables. For each cable the resultant force can be expressed
IV. DESIGN OF THE WEARABLE HAPTIC DEVICES as the sum of two components. The rst one is the force

Contextually with the tracking glove, we present the cugenerated by the servomotor, and its module depends on the
taneous devices for cutaneous feedback. Cutaneous devivesor torque. The second one is the resistance given by the
received an increasing interest in the last years, due to theee springs, and the module depends on the springs ssffne



This force is expressed with respect to the center of the
platform and results

Fr= - 3kjd doj ;

where is the motor torque (ma®078Nm for the servomotor
used),r = 0:0055m is the pulley radiusks = 300 N/m
is the springs stiffnesgs] is the current cable length, artj
is the nominal spring lengthd¢ = 0:015 m). Therefore, to
generate the desired force we start from an initial position
in which: (i)the ngertip is not stimulated by the device,
and (i) the platform is in contact without producing skin
deformation. This position is reached using a preliminary
manual calibration. The use of a force sensor on the platform
would make this procedure automatic, but it would also add
extra wires, thus increasing the complexity of the device to
wear. Since the nger pad is compliant, the displacemenhef t Fig. 5: GESTO (Glove for Enhanced Sensing and TOuching) is
platform produces a deformation of the nger pulp that letrds composed ofil1 MARG sensors (blue): 1 sensor for the palm
a contact stress distribution. Thus, a relationship betvtee and 2 sensors for each of the remaining ngeSswearable
position of the platform and the exerted force can be evatliat haptic devices (red) provide force feedback to the user.

In order to describe this ralationshop, let us recall some
of the mathematical and numerical models for the humaABLE II: Mean and standard deviation of the attitude esti-
ngertip which have been proposed in the literature. In [40jation error for the four considered algorithms.
a study on structural model of the ngertip was presented.
The paper took into account both the material in-homoggneit Algorithm | Roll (deg)) | Pitch (deg.) | Yaw (deg.)
and geometry. The authors studied whether the proposed
ngertip model could predict the force-displacement and th
area responses of relative force during interaction wittag NCF 268 176 | 1.43 1.13| 258 1.72
rigid surface, like our platform. Moreover, they evaluaiéd
the stresses and strains predicted by this model were tenisis
with the tactile sensation. In [41] the authors presenteeDa 2 GNK 2.84 2.46| 208 203|324 3.25
continuum ngertip model. The nger was approximated by an
homogeneous, isotropic and in-compressible elastic mahter

The undeformed ngertip was modeled as an axial symmetfigi, the nger pad without producing any skin deformation.
ellipsoidal elastic membrane, lled with a in-compressibl gocase of the design of the device, and the possible maximum
uid with an internal pressure. The au_thors considered a z'asplacement of the platform, the maximum force that can be
model and an external load was applied to the nger throuq:i?ovided to the human's nger pad is aboB® N. A similar

a at surface. The model predicted a pulp force/displacemegyen.joop control of wearable cutaneous devices was used in
relationship which could be represented as a non Ilnear-ha[g] and [28] for 3-DoF cases.

ening spring, i.e., whose stiffness increased with theiagpl
load. In [42], Wuet al. described a 2-D nite element model
of the ngertip. The skin was modeled as an hyper-elastic
and viscoelastic membrane, and the subcutaneous layer wa# this section we report the experimental validation of the
considered as a biphase material. Thus, ngertip defonatiproposed system (Fig. 5). The total weight of the glove is
and applied force could be related by an impedance mod&$0.59, including the Lycra-glove (72g), 5 devices (12.69
which was non-linear and depends on the ngertip speci €ach), and cables (25.5g). A preliminary experiment was
characteristics (e.qg., the subject age). Because of thglisitp  conducted to test the performance of four attitude estonati
of the 1-DoF devices used in this paper, we consider agorithms. Additional experiments were performed to prov
simpli ed model of the ngertip, i.e., a linear relationghi the robustness, dynamic performance, precision, and dampa
between resultant normal force and platform displacemettility of the proposed sensing glove with the wearable tapt
The isotropic elastic behavior of the nger pad with stifese devices.

Ks = 0:5 N/m considered here is in accordance with the

work of Parket al. [43]. In other terms, we assume that they ' Experimental comparison of the attitude estimation algo
platform displacement is proportional to the desired fdfge |ithms

to be applied to nger pad by the mobile platform,

GN 270 183 | 142 113 | 247 1.68

GDC 271 194 | 158 123 | 263 3.24

V. EXPERIMENTAL VALIDATION

L We tested and implemented four different algorithms for the
p= K¢ "Fp; orientation estimation of MARG sensors:

Wh_ere_ p IS the_ f:ilsplf’;\cement of the platform_w!th respect 2pjease notice that this paper is accompanied by multimediteral. A
to its initial position, i.e., when the platform is in contacvideo is available also at: http:/goo.gl/3AChOR.
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Fig. 6: Comparison among the four different estimation algorithilse MARG sensor was freely moved and rotated. An
accurate optical tracking system was used to compute thendrsuth measurements. For each algorithm we report thexmea
and standard deviation of the error in orientation estiomagxpressed as roll, pitch and yaw angle.

i Gauss-Newton method (GN) combined with a complemenz,
tary lter [38]; 3,

i Nonlinear Complementary Filter (NCF) suggested by Mag |,
honey [44]; - 2o ‘ ‘ ‘ ‘ ‘ ‘

iii Gradient descent algorithm coupled with a complementar—

Iter (GDC), proposed by Madgwick [45]; S or
iv Gauss-Newton method with Extended Kalman Filters 0 W
(GNK) in a quaternion version [46]. Tl
In order to compare the algorithms, we used an accurate
optical tracking system, whose output was considered g5 [
ground truth reference. A Vicon tracking system consistings, r
of 8 cameras was used to provide reference measurememgs -
of the MARG sensor orientation. The sensor was placed on k- ‘ ‘ ‘ ‘ ‘
a at platform together with six passive optical markers. An ' or 0T Timew[sec.] 0T
initial calibration procedure was performed in order tagyali Fig. 7: Experiment 1The MARG sensor was positioned onto

the reference frame of the sensor with the one of the Vicor}i ot olatform toaether with six passive optical markers. We
We freely moved and rotated the platfordo) trials were P 9 P P :

performed. Each trial was 90 seconds. kept the platform steady for 30 seconds, then we freely moved

. . . and rotated it for 30 seconds, and nally we kept it steady for
A comparative error analysis among the four algorithms

reported in Table Il and Fig. 6. In Fig. 7 we report the groun%srther 30 secqnds. A representgtlve trial is _depmtedydnﬂe
. ; . . orientation estimated by the optical tracker is reported.
truth values of a typical trial. The estimated quaterniores a

transformed in Euler angles only for the sake of clarity. In
the proposed system, we used the algorithm presented in [3?]

. : : L . the experiment, were able to discontinue participatibn a
since it achieved the lowest estimation error, and it hag on . . v
any time and no payment was provided for the participation.
one parameter to be set.

Each user was asked to wear the glove and freely move his/her
right hand for 90 seconds without any training session. Two
B. Experimental validation of the sensing glove trials for each subject were performed.

In this section, we report the results concerning the vali- We recorded the users' hand con guration both using our
dation of the hand posture estimated by the proposed sens$rgsing glove and the Vicon tracking system. On each MARG
glove. We rstly validate the glove without the wearable kiap we placed four passive markers and processed at the same
devices, then we discuss the results of the test conductide the orientation computed by the optical tracking syste
wearing the devices. Finally, we compare these resultggusiand by the inertial and magnetic sensors. For each subject we
the statistical analysis in order to demonstrate the rolesst computed the values of the ngers'joints both with the MARG
of the proposed system. Ten healthy subjects were involveddoards and the optical tracker (cf. Sect. lll). A represtvea
the rst experiment (age range 24-47, 8 males and 2 femalgsint angle values estimation is shown in Fig. 8.
all right-handed). None of the participants reported any de Table Ill summarizes the rst experimental results. Thdegab
ciencies in the perception abilities (including visionahag, reports the average error and the 95% Con dence Interval for
touch and proprioception). The participants signed infeim all the considered joints of the hand among the differeatdri
consent forms. All of them were informed about the purposd the users: the mean of the estimation error is less thah 3.3

& _ab
&858
T L




degrees for all the considered joints, thus the accuracheft
system is close to the human ability in discrimination of arg
joint-angle [47].

Then, to evaluate the compatibility of the proposed gloveg o
with the wearable haptic devices we performed the samé’;
experimental procedure wearing the haptic interfaces. Teg
healthy subjects (age range 24-47, all males and righté@nd o ,
were involved in this test. None of the participants repbrte
any de ciencies in the perception abilities (including ieis, ol
hearing, touch, and proprioception). The participantsesily

801

R

. Ground truth
— MARG

informed consent forms. All of them were informed about °
the purpose of the experiment, were able to discontinue
participation at any time, and no payment was provided for.

10 20 30 40 X 50 60
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the participation. Each user was asked to wear the full Byste &
(glove and ve haptic devices) and move his/her right hand% sof
for 90 seconds. Two trials without any training session werez
performed for each user. No specic task or gesture wa%"
suggested. The motors received a sinusoidal input signal tg
continuously move up and down the platform and generate é ,
variable magnetic eld and soft iron disturbance.
Table IV reports the average error and the 95% Con dence °
Interval for the PIP joint values for each nger, and MCP for &
the thumb. It reports also the estimated values for the MCP

60

IS

0

nt (

.. Ground truth

;| == MARG

joint for index, middle, ring, pinky, and (TM for the thumb).
This experiment reveals that the interference effect geadr
by the motors is negligible for the joint values estimation.

50

I I
10 20 30 40 50 60

Time [sec.]

(b)
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To prove and validate these results we perform a statistic

40+
301
TABLE Ill: Mean and 95% Con dence Interval of the joint

estimation error without haptic devices. The data are cdatpu
among ten users; each user performed two trials.

w Ground truth
— MARG

Con dence
Digit Joint Error (deg.) | Interval 95%
(deg.)

T™ (F/E) 3.20 [3.08 3.32]

Thumb | TM (A/A) 2.87 [2.76 2.98]
MCP 3.72 [3.57 3.86]

MCP (F/E) 3.62 [3.49 3.75]

Index | MCP (A/A) 3.27 [3.16 3.38]
PIP 3.16 [2.98 3.34]

MCP (F/E) 2.73 [2.60 2.86]

Middle | MCP (A/A) 2.68 [2.57 2.77]
PIP 2.66 [2.56 2.76]

MCP (F/E) 2.98 [2.85 3.11]

Ring MCP (A/A) 3.20 [3.09 3.32]
PIP 3.04 [2.89 3.19]

MCP (F/E) 2.72 [2.60 2.83]

Pinky | MCP (A/A) 2.97 [2.86 3.08]
PIP 3.16 [3.02 3.30]

MP Joint (Adduction/Abduction) &eg.]

Time [sec.]

(©

Fig. 8: Joint orientation estimation for the index ngerpre-
sentative user.

analysis on the data, analyzing the error in the orientation
estimation (dependent variable) under the two differemidco
tions, the glove coupled or not with the devices. We explust t
paired sample t-test to determine whether the mean difteren
between paired observations is statistically signi cawe
process the data recorded in the two experimental sessions.
Firstly, we validate the hypothesis that the presence of the
devices is negligible for the estimation of the MCP joints
orientation. We take into account the worst case, i.e., the
pinky. Indeed, since it has the shortest link compared to the
other ngers, the distance between the MARG sensor and
the device is the smallest one. Collected data passed the
Shapiro-Wilk normality testf = 0:662) and a comparison
of the means among the error is carried out. The presence of
the haptic interfaces does not elicit a statistically sicant



TABLE IV: Mean and 95% Con dence Interval of the jomthypothesis for the ringt(19) = 2:022 p = 0:083).
estimation error when the wearable haptic devices are used.
The data are computed among ten users; each user performed

two trials. VI. CONCLUSIONS AND FUTURE WORK
Estimating the human hand pose and, at the same time,
Con dence having the capability to provide haptic feedback in a welerab
Digit Joint Error (deg.) | Interval 95% way i_s a chgllengi_ng task. In this paper, we present a paz;sibl
solution which relies on MARG sensors for the pose estima-
(deg.) tion, and cutaneous haptic devices for the force feedbauk. T
T™ (F/E) 4.68 [4.43 4.91] proposed device GESTO (Glove for Enhanced Sensing and
Thumb | T™ (A/A) 464 [4.45 4.83] TOuching) can esur_nate the joints values of the hand as }sell a
the hand rotation with respect to a global reference fratris. |
McpP 311 [2.98 3.24] designed to limit possible disturbances that may arise dstw
MCP (F/E) 321 [3.07 3.36] the magnetometers of the MARG sensors and the servomotors
of the haptic interfaces. A modular solution is considemd t
Index | MCP (A/A) 2.89 [2.76 3.02] ) .
connect an arbitrary number of cutaneous devices as well
PIP 3.26 [3.10 3.42] as allowing to separately use the sensing and the actuation
MCP (F/E) 298 [2.14 2.41] components. The experimental validation conducted on ten
_ healthy subjects revealed that the 95% con dence interval
Middle | MCP (A/A) 2.84 [2.69 2.98] for the orientation estimation error is 3.06 0.12 degrees
PIP 2.15 [2.02 2.28] among all the hand joints without the devices and 3.32.15
MCP (F/E) 323 [3.10 3.36] degrge_; with the devices. These experiments demonsteate th
possibility to sense and provide force feedback to the human
Ring | MCP (A/A) 2.41 [2.31 2.50]

hand in a wearable and portable way.
PIP 4.73 [4.58 4.88] As part of future work, we will improve GESTO by using
customized and exible sensing boards of smaller size to

MCP (F/E 3.47 3.32 3.62 . " . .

_ (F/E) [ ] better t also smaller-sized hands. Additional studies|wil
Pinky | MCP (A/A) 2.50 (2.64 2.37] be performed in order to integrate the sensing glove with
PIP 4.93 [4.74 5.10] motor-driven platforms capable of applying 3-D forces on

the nger pads. Furthermore, additional algorithms will be
investigated and designed in order to reduce the estimation
error of the system. Finally, we are working to make the
increase in error compared to the estimation without theggstem completely wireless. In order to save the battegy lif
(t(19) = 0:876, p = 0:410). of the device, we plan to perform all the computations on an
Once the relationship between the haptic devices and tiasgernal computer and use a low performance micro-costroll
sensors placed on the proximal phalanx is investigated, we the glove.
focus our attention on the sensors boards placed close to the
motors. Three statistical analyses for this scope are pegd.
In the former, we analyze the error among all the PIP joints,
in the second we carry out the test only for the PIP joint
of the pinky, whereas in the latter we focus our attention In this section, we brie y detail the orientation estimatio
on the intermediate phalanx of the ring. The rst analysis ialgorithm used in this work. We exploit the quaternion based
used to determine whether there is a statistically sigmtcamethod presented by Comotti in [38]. The author used quater-
mean difference between using the glove with and withontons to estimate the orientation of a single MARG sensor
the haptic devices. The assumption of normality was nuwiith respect to a global reference frame. Using quaternion
violated, as assessed by Shapiro-Wilk's tegt £ 0:714). allow us to overcome the problems introduced by the Euler
The test reveal that wearing the haptics interfaces does mogles, for instance thgimbal lock problem and the issues
induce a statistically signi cant increase in estimatiomoe related to the trigonometric functions. In this algorithndan
(t(99) = 1:452 p =0:154). In the second and third analysisthe entire work we use the following convention to represent
we investigate whether the presence of the device worn anquaterniong = [! x y z ], where! is the real number.
the pinky produces a statistically signi cant mean incee@s The proposed algorithm is composed of three parts, the
error estimation for the boards placed on the second phaldormer estimates the orientation relying on acceleromater
of the ring and of the pinky. Because of the shortest bonesmgnetometer measures, the second produces an estimation
of the pinky, these sensors are the closest to the devibased on the gyroscope angular rate integration, and the
compared to all the other possible motor-sensor distanckster fuses the two previous estimations. In the rst p#rg
Results of a paired sample t-test reveal that the meanelifter algorithm estimates the orientation using acceleromener a
was statistically signi cant only for the pinky PIP estin@t magnetometer measures, by minimizing a cost function. By
(t(19) = 2:642 p = 0:033, whereas we can reject thisexploiting the Gauss-Newton method, the algorithm proegss

APPENDIX. ORIENTATION ESTIMATION OF MARG
SENSORS



the measurement of gravity and Earth's magnetic ux to evalguaternion,S! (t) =[ 0 S!(t) S!',(t) S! ,(t) ]" is the an-

ate the actual sensor orientation. Bei(t), Sm(t) 2 R® ! be
the accelerometer and magnetic measures with respect to
sensor reference frames. The Earth reference vectée(t),

expressed in the sensor frame, results
2 3

S
S(t) = QS A7, Re 1,
m (t)

Using the same notation, we indicate the reference vector
the world reference framey as
2

W
Wty = QW A7, g 1,
m (t)

gular rate vector at the current time, is the quaternion
pgheduct, andt is the sampling time.

The last step of the estimation algorithm fuses the quater-
nions estimated in the previous phases. A complementagy It
is used to combine the two values. On the short term, the Iter
prefers the data from the gyroscope, whereas on the long term
it gives the greater gain to the data from the acceleroneser,
does not drift. The lter, by using two gain factors whose sum
i? 1, fuses the gyroscope quaternig(t) with the quaternion
q?t) computed by the Gauss-Newton method. The resulting
guaterniorr (t) is obtained as,

r= g®+@ Ha(t)

where0 < < 1; 2 R is the gain of the complementary
Iter. The gyroscope orientation quaternia(t), is obtained

Taking into account that the gravity vector is always algne,y the following numerical integration

with the world z-axis, therefore we can consider
2 3

0

Wz(t) = 2R6 1

1
Wm(t)
Let the orientation estimation error be

m="zt) YMs(t) Sz(t) (5)

gity=r( t)+a(t) t

where g(t) is in accordance to Eq. (7). It is worth noting
that g(t) is initialized asg(0) = [1 0 0 0]". To have a
better estimation, the gyroscope integration relies onldse
guaternion computed by the whole algorithm. Further detail
and information are reported in [38].

Regarding the calibration procedure we use three different
methodologies to calibrate each sensor. For the acceléeome
we exploit the assumption of having the sum of the outputs
equal to the gravity magnitude when the sensor is stable. As
a consequence of this, we adjust the bias and scale for each

where' M s(t) 2 R® © indicates the rotation matrix betweeryyis For the gyroscope calibration, we estimate the bias by
the sensor frame s and the world frame v . The role of the pacing the sensor xed on a surface; if the sensor is not
algorithm is to minimize,, i.e., estimat¢’ M s(t). Letq(t) be moving the angular rate has to be zero. Finally, we perform
the quaternion representation of the rotation matfiR s(t), the magnetometer calibration using the algorithm propased

a single step of the Gauss-Newton optimization method i”l\ﬁerayoet al.in [48].

guaternion form produces

ier (1) = @i(t)  J(1) (1) (6)
(1]

(2]

where
V() = (I (®Ii) I (®):

The subscript represents theth iteration of the optimization
algorithm andJ; (t) is the Jacobian of the erroft) reported
in Eq. (5). Moreover, as recommended in [38] and [45] we
include a compensation of the magnetic distortion.

In the second phase of the algorithm, an estimation baséd
on the gyroscope measure is obtained. For each cycle the
algorithm acquires from the sensor the angular rateg(t),
S1y(t) andS! ,(t) referred to thex ,y andz axis of the [5]
sensor frame s. These measures can be represented in the
guaternion form

SL() =0+ P81 ()+ 50y (t)+ kS!4(b): [6]

We consider
Sam=3 %ot 1) S ; ™)

the rate of changing in orientation expressed as a in nitasi
quaternion variation, whergg(t  t) is the latest estimated

(7]

(8]
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