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Abstract— Hand motion tracking is essential in many fields,
e.g., immersive virtual reality, teleoperation of robotic hand,
and hand rehabilitation of stroke patient, as human hand plays
a crucial role in our daily life. The highly under-actuated
hand exoskeleton, which can track the 6-DoF motions of
each fingertip via a highly under-actuated kinematic chain,
exhibits many benefits in wearability and portability over other
solutions. However, due to the non-anthropomorphic linkage,
this hand exoskeleton also encounters difficulties in measuring
human-finger’s joint angles. While the joint-space is important
in many scenarios, such as teleoperating a robotic hand with
anthropomorphic kinematics but with different size to human.
Here we proposed a new method to reconstruct the human
finger joints by using a highly under-actuated hand exoskeleton.
Our key contribution is the arc-fitting algorithm, which is able
to calibrate the misalignment between the exoskeleton’s and the
human-finger’s base frames and estimate the length of human’s
phalanxes, by using the fingertip’s circular motions. With know-
ing the aforementioned informations, the joint angles can be
reconstructed in high precision based on the inverse kinematics
models of human fingers. Furthermore, our proposed method
is compared with a baseline method, in which the joint angles
obtained by a motion capture system are served as ground-
truth. The results demonstrate that our proposed method
exhibits excellent performance in reconstructing finger’s joint
configurations.

Index Terms— Hand Motion Tracking, Hand Exoskeleton,
Joint Reconstruction, Human-Robot Interaction

I. INTRODUCTION

The dexterous hand, which is a primary effector organ
of human beings, plays a crucial role in our daily life [1].
Thus, the hand motion tracking has significant values in
many fields, such as immersive virtual reality, teleoperation
of robotic hand, and hand rehabilitation of stroke patient.

In recent years, various methods have been proposed to
achieve the motion tracking of human hands. Among them,
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Fig. 1. The joint angles of human fingers is reconstructed in
real-time by using a highly under-actuated hand exoskeleton.

visual-based methods are earliest. Visual-based hand tracking
methods typically use stereo camera, e.g., Leap Motion [2],
to capture hand images. Then human hand pose can be recon-
structed via kinds methods. Some of these methods are im-
plemented through training datasets, which are composed by
RGB images [3]–[6]. Although these methods demonstrated
good hand pose estimation performance, it is obviously that
they do not meet the real-time requirements. To achieve on-
line tracking, Handa et. al. [7] proposed a low-cost, vision-
based teleoperation system, named by ‘DexPilot’, which can
control a full 23-DOA robotic system by merely observing
the human hand. Recently, an efficient hand gesture detection
framework based on deep learning was proposed by Gao
et. al. [8]. They designed a hand detection network for 3D
hand detection and a hand classification network for gesture
recognition, which were used in dexterous robot hand-arm
teleoperation system. However, the accuracy and robustness
of vision-based methods are generally unsatisfactory, since
they are susceptible to external disturbances such as light
changing and occlusion. In addition, the haptic feedback is
missing in these methods.

To achieve high accuracy, kinds of wearable data gloves
have been developed. Cyber-gloves [9] have been widely
used due to their well performance in whole-hand motion
tracking. However, the redundant use of single DOF sensors
makes them bulky and requires complex algorithm to adapt
to the difference of human palm sizes. To alleviate these
issues, Glauser et. al. [10] proposed a stretch-sensing soft
glove, which can interactively capture hand poses with high
accuracy. Another group of data glove relies on inertial
measurement units (IMUs) [11]. Baldi et. al. [12] proposed
a sensing glove, called GESTO, which uses inertial and
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magnetic sensors for hand tracking. Santoni et. al. [13]
presented a hand-tracking system based on magnetic posi-
tioning. It exhibited good performance with only a small
number of electronics to be mounted on the hand. However
a notable disadvantage of these gloves is their susceptibil-
ity to electromagnetic interference, which can deteriorate
their performance. Recently, the fexible pressure sensors or
electronic skins (e-skins) are attached to the back-palm to
achieve motion tracking of human hands [14]. Although they
show great advantages in lightweight and flexibility, the e-
skins also suffer from an inherited shortage that the haptic
feedback is absent.

Compared with the above solutions, the hand exoskeletons
are getting rising attentions. Nycz et. al. [15] investigated
a remote actuation system for wearable hand exoskele-
ton, which moves weight from the weakened limb to the
shoulders. This design reduces the burden on the user and
improving portability. Marconi et. al. [16] developed a
hand exoskeleton with series elastic actuation, which can
directly measure externally transferred torque and enable
both position- and torque-controlled modes of operation.
Owning to the ability in providing haptic feedback, hand ex-
oskeletons are widely used in hand rehabilitations. However,
they typically have a bulky structure and poor compatibility
due to the high DoFs for better matching with the dexteriry
of human hands.

To address the bulky problem of existing hand exoskele-
tons, a highly under-actuated hand exoskeleton was proposed
in previous work [17], [18]. In this design, the linkages for
each finger is composed of 5 passive and 1 active revolute
joints. When the hand exoskeleton is installed on the back-
palm, its linkages and the corresponding human’s finger form
a parallel mechanism with two parallel kinematic chains,
in which the tips of the two chains are tethered. Thus the
6-DoF tracking of the fingertips is achieved through the
forward kinematics of the mechanical chain. Although this
mechanism is highly under-actuated, it can provide force
feedback to both the extension and flexion of the fingers.
In addition, owing to the highly under-actuated design,
this exoskeleton exhibits great benefits in wearability and
portability over other solutions.

However, one challenge arising with the highly under-
actuated design is the difficulty in measuring the human-
finger’s joint angles. Due to non-anthropomorphic linkage,
the hand exoskeleton eliminates the need for any alignment
between the mechanical linkage and the operator’s fingers.
Thus the kinematic linkage can allow for unconstrained reach
of the human fingers within their full workspace. But another
negative result is that it is incapable of measuring human-
finger’s joint angles. While the joint-space is also important
in many scenarios.

With knowing the fingertip’s Cartesian poses, it seems to
be straightforward to obtain the joint angles by using inverse
kinematics of human fingers. However, the fingertip’s poses
are expressed in the exoskeleton’s base frame instead of the
human-finger’s base frame. While the misalignment between
the exoskeleton’s and the human-finger’s base frame is still

unknown. In addition, length of fingers varies from person
to person. These facts make the direct inverse kinematics
infeasible.

To address the above issues, here we proposed a new
method to reconstruct the joint-space configuration of human
fingers by only using the fingertip’s poses. As shown in Fig.
1, our main contributions are summarized:
• We presented an arc-fitting algorithm to calibrate the

misalignment between the hand exoskeleton’s and the
human-finger’s base frames and estimate the length of
human’s phalanxes.

• With knowing the aforementioned information, we re-
constructed the joint angles in high precision based on
the inverse kinematics models of human fingers.

• We design and conduct experiments to validate the
effectiveness of the proposed method. The experimental
results demonstrates excellent performance in recon-
structing finger’s joint configuration.

II. PROBLEM STATEMENT

In this paper, we would like to reconstruct the joint angles
of a human finger by using a highly under-actuated hand
exoskeleton, which can track the fingertip’s 6-DoF motion
with high resolution. Without loss of generality, we assume
the human hand is a right hand. For the sake of convenience,
the notations are defined in this section to formulate the
problem.

In order to better describe the joint configuration of a
human hand, the following frames are defined, as shown in
Fig. 2.

• {W}: The world frame of the human hand, which is
fixed on the hand exoskeleton above the back-palm.

• {Bi}: The base frame of each finger. Here i =
1, 2, 3, 4, 5 represents the thumb, the index, the middle,
the ring, and the small finger, respectively.

• {EEi}: The end-effector frames, which are fixed on the
fingertips of each finger. The transformation of {EEi}
relative to {Wi} can be tracked by the hand exoskeleton
in real-time.

• {Lij}: The link frames, which are fixed on every
phalanxes of each finger. Here j = 1, 2, 3 represents
the proximal, the middle and the distal phalanx of each
finger.

Based on the aforementioned definition, a finger can be
modelled as a serial-link manipulator. To obtain the forward
kinematic model of a finger, we make the following assump-
tions.

Assumption 1. Each finger is composed of 4 revolute
joints, in which the first and the second joint axes are
perpendicular to each other.

Assumption 2. For each finger, its second, third and
fourth joint axes are parallel to each other to implement
the flexion and extension movements.

Assumption 3. For the index, the middle, the ring, and
the small finger, their first joint axes are perpendicular to
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the palm to implement the lateral flexion movement, i.e.,
the orientation part of {Bi} relative to {W} is identity.
For the thumb finger, as illustrated in Fig. 3, the direc-
tion of its first joint axis can be obtained by rotating the
index/middle/ring/small finger’s first joint axis around zBi

by 45 degree and then rotating around xBi
by -45 degree,

successively. Here zBi
and xBi

represent the z− and x−
axis of {Bi} [19].

Then the transformation of {EEi} relative to {Bi} can be
calculated according to the forward kinematics:

BiTEEi
= BiTL1i

· L1iTL2i
· L2iTL3i

· L3iTEEi
, (1)

where BiTL1i
= f (θ1i, θ2i), L1iTL2i

= f (d1i, θ3i),
L2iTL3i

= f (d2i, θ4i), L3iTEEi
= f (d3i), in which θ1i ∼

θ4i are the joint configurations of each finger and d1i, d2i, d3i
are the lengths of the proximal, the middle, and the distal
phalanxes of each finger, respectively.

When the hand exoskeleton is installed on the back-palm,
its linkages and the corresponding human’s finger form a
parallel mechanism with two parallel kinematic chains, in
which the tips of the two chains are tethered. Therefore, it is
possible to reconstruct the human hand’s joint configuration
by using the readings of the hand exoskeleton. For the con-
venience of the reconstruction, we also make the following
assumptions according to human ergonomics:

Assumption 4. For the joint angles, we have:

Thumb: θ11 ∈
[
0,

π

3

]
, θj1 ∈

[
0,

π

2

]
,

Others: θ1i ∈
[
−π

6
,
π

6

]
, θji ∈

[
0,

π

2

]
.

(2)

When the finger is extended to the most, θji = 0, i,j ∈ [1, 5].

Assumption 5. Although length of fingers varies from
person to person, the ratios of each phalanxes are considered
to be fixed for all human beings [20]. The ratios can be
calculated according to the nominal values given in Table I.

Upon the aforementioned assumptions, we can formulate
our problem as follows:

Fig. 2. The frames defined on the index and the thumb
fingers. The frames attached on the middle, ring and small
fingers are similar to the ones on the index finger.

45°

45°

45°

Fig. 3. Illustration of the first joint axis of the thumb.

TABLE I: The nominal lengths of all phalanxes for an adult.

thumb index middle ring little

d1i(m) 0.251 0.245 0.266 0.244 0.204

d2i(m) 0.196 0.143 0.170 0.165 0.117

d3i(m) 0.158 0.097 0.108 0.107 0.093

Problem 1. Without knowing the translations from {W}
to {Bi}, and the lengths of each phalanx dji, we need to
reconstruct the joint configurations θji in real-time by given
WTEEi .

III. PROPOSED METHOD

In order to reconstruct the joint angles of fingers, the
transformation BiTEEi

needs to be captured. According to
the kinematics tree, BiTEEi

can be calculated as follow:
BiTEEi

= (WTBi
)−1 · WTEEi

, (3)

where WTEEi
can be tracked by the hand exoskeleton

accurately, WTBi
is the transformation of {Bi} relative to

{W}. Then the problem is transformed into solving WTBi .
As stated in Section II, although different wears of the

hand exoskeleton leads to different translations, the orienta-
tion of {Bi} relative to {W}, i.e., WRBi , can be considered
as constant. Thus WRBi can be easily obtained according
to Assumption 3. In this section, we will calibrate the
translation from {W} to {Bi}, estimate the lengths of all
phalanxes dji, and finally reconstruct the joint angles of each
finger.

A. Calibration of the Translation from {W} to {Bi}
Let Pi = [xi

B , y
i
B , z

i
B ] represents the position of {Bi}

relative to {W}. For each finger, the fingertip’s trajectory is
a circle if we only rotate the second joint while fixing the
other joints, as shown in Fig. 4. Thus, Pi can be estimated
through this circular motion.

In order to find proper Pi, the user would be asked to
move only the second joint of the i−th finger and then the
position trajectory of the fingertip can be recorded. Let χi

denotes the collection of fingertip’s position trajectory:

χi = {xi
j , y

i
j , z

i
j |j = 1, 2, · · · , N}, (4)
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Fig. 4. The index and the thumb fingers moved as a circular
arc around the base frame.

where xi
j , y

i
j , z

i
j represents the position part of WTEEi

, N
represents the data length of χi.

Then, all points in χi must satisfy the following function:(
x− xi

B

)2
+
(
y − yiB

)2
+
(
z − ziB

)2
= L2

Total, (5)

where LTotal = d1i + d2i + d3i is the total length of all
phalanxes of the i−th finger.

However, only Eq. (5) is not enough to locate Pi, because
all points lies on the second joint axis can satisfy Eq. (5),
since LTotal is unknown. To identify Pi, an extra constraint
has to be considered, i.e., Pi and all points in χi are located
in the same plane, denoted by Pc. Therefore, our arc-fitting
algorithm can be divided into two steps.

Step 1: Estimate the parameters of Plane Pc

Pc can be formulated as:

z = a0x+ a1y + a2, (6)

where a0, a1, a2 are the parameters to describe the plane Pc.
Define the cost function as:

Q (a0, a1, a2) =
N∑
j=1

(a0Xj + a1Yj + a2 − Zj)
2
, (7)

where Xj , Yj , Zj represent the collection of xi
j , yij , zij ,

respectively. We need to find the optimal estimation of
a0, a1, a2, denoted by â0, â1, â2, to minimize Q (a0, a1, a2).
â0, â1, â2 can be obtained by using least-square method.

Step 2: Estimate Pi

Denote

a = −2xi
B , b = −2yiB , c = −2ziB ,

d =
(
xi
B

)2
+
(
yiB

)2
+
(
ziB

)2 − L2
Total,

(8)

Then Eq. (5) is rewritten as:

x2 + y2 + z2 + ax+ by + cz + d = 0. (9)

Then the error function can be defined as:

ej =

N∑
j=1

X2
j + Y 2

j + Z2
j + aXj + bYj + cZj + d. (10)

Since Pi ∈ Pc, then another constraint is introduced:

ziB = â0x
i
B + â1y

i
B + â2. (11)

By replacing xi
B , y

i
B , z

i
B with the parameters a, b, c (as

shown in Eq. (8)), we can express the constraint as:

â0a+ â1b− c− 2â2 = 0. (12)

By using Langrange-Multiplier method, we can define the
cost function as:

Q (a, b, c, d, λ) =
N∑
j=1

e2j + λ (â0a+ â1b− c− 2â2) .

(13)
Then the least-square method can be employed to obtain

the optimal estimation of â, b̂, ĉ, d̂. Hence, according to Eq.
(8), Pi is obtained by:

xi
B = −1

2
â, yiB = −1

2
b̂, ziB = −1

2
ĉ (14)

B. Length Estimation of the Phalanxes

After knowing â, b̂, ĉ, d̂, the total length LTotal can also
be calculated according to Eq. (8):

LTotal =

√(
xi
B

)2
+

(
yiB

)2
+

(
ziB

)2 − d̂, (15)

According to assumption 5, d1i, d2i, d3i can be estimated by:

dji = LTotal
d̂ji

d̂1i + d̂2i + d̂3i
, (16)

where d̂ji is the nominal values given in Table I.

C. Calculation of Joint Angles via Inverse Kinematics

With the estimation results of Pi, WTBi can be established
easily. Then BiTEEi

can be calculated in real time according
to formula 3. Due to the kinematics model of the thumb and
the other fingers established in Fig. 2 are similar, inverse
kinematics solution of the thumb and the other fingers can
be formulated in the same way. As shown in Fig. 5, joint
configurations can be calculated as follow:

θ1i = atan(
εi
ϵi
), θ2i = βi − γi, θ3i = π − φi, (17)

where,

εi = r24, ϵi = r14, βi = atan(
τi
αi

),

γi = acos(
d1i

2 + δi
2 − d2i

2

2d1iδi
),

φi = acos(
d21i + d2i

2 − δi
2

2d1id2i
),

(18)

where rij is the element of matrix BiTEEi at the i-th
row and the j-th column, τi = −r34 + d3i · r31, αi =

Fig. 5. General kinematic model for the thumb, the index,
the middle, the ring and the little fingers.
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Fig. 6. Some snapshot of the real-time finger motion tracking process by using a highly under-actuated hand exoskeleton.

Fig. 7. Experimental Setups. Two frames which are measured
by 4 optical markers are attached before and after a finger’s
joint, respectively, to measure the joint angles.

√
r142 + r242 − d3i · r33. δi =

√
τi2 + αi

2 is obtained by
trigonometric relations. Assumption 2 is used to dertermine
the proper joint range.

Due to the coupling of finger joint configuration, the intra-
finger constraints is used when solving θ4i.

θ4i = κθ3i, (19)

where κ is a coefficient given in [19]. κ = 0.6, 0.32, 0.36,
0.16, 0.25 for the thumb, index, middle, ring and little finger,
respectively.

IV. EXPERIMENTS

To validate the proposed method, a highly under-actuated
hand exoskeleton was used which can track the position and
orientation of the thumb, index and middle fingertips. It was
an cost-effective one which designed under the reference of
HEXOTRAC [18]. The tracked data WTEEi are transmitted
to laptop for calculating the joint configuration via a UDP
communication. The data is processed by a laptop (LENOVO
IAH5R) with intel i5-12500H CPU.

A. Experimental Setups

In this work, the finger tracking ability of our method
is demonstrated through a virtual anthropomorphic hand
developed in CHAI3D. The virtual hand would accept the
desired joint angles as inputs. The human finger’s joint angle
θji is estimated by our proposed method then transfered into
the CHAI3D at a frequency of 200Hz via a UDP communica-
tion. Some snapshots of the real-time finger motion tracking
process is shown in Fig. 6.

To precisely evaluate the performance, the Opti-track
system is used to obtain the ground-truths for comparison.
As shown in fig. 7, two frames which are measured by
4 optical markers are attached before and after a finger’s
joint,respectively, to measure the joint angles.

Our method is compared with a baseline method, in which
the translations from {W} to {Bi} are manually measured

and the length of Phalanxes are the nominal values given in
Table I. The detailed values of WTBi

are given as:

WTB1 =


0.5 0.5 0.707 0

−0.707 0.707 0 20
0.5 0.5 0.707 −31
0 0 0 1

 , (20)

WTB2 =

[
I3 [70, 12,−17]

⊤

[0, 0, 0] 1

]
, (21)

WTB3 =

[
I3 [70,−17,−17]

⊤

[0, 0, 0] 1

]
(22)

B. Results Analysis

Fig. 8 and Fig. 9 show the thumb joints tracking per-
formance in a period of time and the deviation compared
to Optitrack. As we can tell, our method exhibits good
performance on tracking the CMC abduction/adduction joint,
MCP flexion/extension joint and IP flexion/extension joint.
However, there are still some issues in tracking the CMC
flexion/extension joint. One possible reason for this phe-
nomenon is the first and the second axes of the thumb are
not orthogonal, which will become a direction for future
breakthroughs.

Fig. 10 and Fig. 11 display the same experiment on the
index finger. The tracking of MCP abduction/adduction joint
is almost indistinguishable with the baseline method. Besides
this, our Methods are all superior to the baseline method in
tracking this finger. It is worth mentioning that the tracking
of MCP flexion/extension joint is almost consistent with the
ground-truth.

Fig. 12 and Fig. 13 shows the tracking performance of
the middle finger. Our method also achieved good results
compared to the baseline method.

V. CONCLUSION

In this paper, a simple but effective method was proposed
to reconstruct the joint configuration of human fingers by us-
ing a highly under-actuated hand exoskeleton. The effective-
ness of the proposed method was validated by experimental
results.

There are still some issues remaining to be investigated in
the future work. First, the kinematic model of the thumb still
needs to be improved. In this paper, we assume that the first
and the second axes of the thumb is orthogonal while they are
not in fact. Second, it is worthy to investigate how to combine
the joint-space information with the fingertips’ Cartesian
poses, in order to achieve better teleoperation performance
for a robotic hand.
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Fig. 8. The thumb joints tracking performance. (a) CMC1. (b) CMC2. (c) MCP. (d) IP.
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Fig. 9. The thumb joints deviation compared to Optitrack. (a) CMC1. (b) CMC2. (c) MCP. (d) IP.
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Fig. 10. The index joints tracking performance. (a) MCP1. (b) MCP2. (c) PIP. (d) DIP.
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Fig. 11. The index joints deviation compared to Optitrack. (a) MCP1. (b) MCP2. (c) PIP. (d) DIP.
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Fig. 12. The middle joints tracking performance. (a) MCP1. (b) MCP2. (c) PIP. (d) DIP.
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Fig. 13. The middle joints deviation compared to Optitrack. (a) MCP1. (b) MCP2. (c) PIP. (d) DIP.
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