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Abstract— For virtual evaluation of universal design prod-
ucts, it is necessary to synthesize natural grasps for various
hands including those with limited range of motion (ROM).
In this paper, we study synthesizing grasps for digital hands
with limited ROM in their thumbs’ joints. We apply a contact-
region-based method for grasp synthesis to this problem. In our
previous study, two types of grasps were observed under the
limitation of the thumb’s ROM. One was a type that used the
lateral region of the thumb, and the other was a type that used
　 the same contact regions as healthy hands. In this paper,
grasps are synthesized for two objects using three hand models
whose lengths are different. With the same input information
as the healthy hand, it is not possible to synthesize the grasps
for the ROM-limited hand. On the other hand, when grasps are
synthesized by changing the information about grasping target
points of the thumb and the palm, feasible grasps for the ROM-
limited hand can be found. For a camera object, the grasp
using the thumb’s radial region is automatically synthesized
without changing the specified contact region. Also, for a spray
object, a grasp that uses the same contact region as the healthy
hand is synthesized. These results demonstrate our method can
synthesize natural grasps even for ROM-limited hands, which
will contribute to universal product design.

I. INTRODUCTION

Recently, the evaluation of products virtually using digital
human models for human-centered design has been proposed
in [1]–[4]. For example, in [1], virtual evaluation of products
by estimating grasps for their CAD models using a digital
hand was proposed. In the virtual evaluation, usability can be
assessed roughly without subject experiments. There are two
major merits in such virtual evaluation. One is cost saving.
As the number of subject experiments is decreased, the labor
cost and the cost of creating prototypes can be reduced. The
other is the comprehensive consideration of various hands.
If the subjects are actually recruited, their diversity and
universality will not be guaranteed. In the virtual evaluation,
this problem can be solved by using various digital hands.

For the virtual evaluation using a digital hand, it is
necessary to synthesize natural grasps for any product model.
Methodologies of grasp synthesis were roughly divided into
analytical approaches and empirical ones. By the analytical
approaches, the grasp synthesis problem is formulated geo-
metrically, kinematically, and/or mechanically, while by the
empirical approaches, the computation of the mathematical
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and physical models is avoided by imitating human grasping
strategies. In the analytical approaches, there is a problem
on task modeling [5]; that is, adapting grasp synthesis algo-
rithms to new tasks or new objects is difficult because many
candidate grasps would have to be generated and evaluated
to synthesize appropriate grasps, which may make these
approaches computationally unaffordable. In [6], studies
about data-driven (empirical) grasp synthesis were surveyed.
Examples of data-driven grasp synthesis approaches are [7]–
[11]. Data-driven approaches use the database of real human
grasps generally and the necessary data are identified based
on known grasp classification (e.g., [12]–[16]). Therefore it
is possible to synthesize natural grasps that are more similar
to human real grasps than analytical approaches.

Previous studies on grasp synthesis have been focusing
mainly on healthy hands. However, non-healthy hands should
also be considered as market size of universal design prod-
ucts expands. Grasps by non-healthy hands differ from those
of healthy hands. Thus, in the virtual evaluation of universal
design products, it is important to synthesize natural grasps
by various hands including non-healthy ones.

Grasps by hands with limited range of motion (ROM) are
typical examples of grasps different from those of healthy
hands. In particular, because the thumb is used for 98-99%
of the grasps [17], the change of grasp posture becomes
noticeable when the ROM of the thumb is limited. Patients
with carpal tunnel syndrome (CTS) are a typical example
of those whose thumbs’ ROM is limited. CTS is the most
common peripheral nerve entrapment syndrome worldwide
[18]. It is caused by compression of the median nerve at the
wrist. Particularly in patients with severe CTS, it is known
that the palmar abduction of the carpometacarpal (CM) joint
is restricted (e.g., [19]). Since the opposition of the thumb is
hindered, significant change in grasping posture of the hands
is expected when their palmar abduction of the CM joint is
limited.

We have investigated the grasp features when the ROM
of palmar abduction of the thumb’s CM joint was artifi-
cially limited [21]. In this paper, we present grasp synthesis
when the thumb’s palmar abduction is limited based on the
features clarified in [21]. Realization of grasp synthesis for
ROM-limited hands contributes to evaluation of usability of
universal design products virtually.

II. ALGORITHM OF GRASP SYNTHESIS

In this paper, the method of grasp synthesis for healthy
hands proposed in [10] and [11] is applied to grasp synthesis



for ROM-limited hands. This section explains an overview
of the algorithm of grasp synthesis.

The greatest feature of this method is the use of grasp
database based on the “contact regions.” The outline of the
method of grasp synthesis proposed in [10] and [11] is shown
in Fig. 1. The contact regions are the hand surface areas
that touch the object when grasping. Hirono et al. divided
the hand surface into 34 regions, and classified grasps that
appear in the taxonomy proposed in [12] and [13] based on
the contact regions. Furthermore, additional grasp postures
with different number of used fingers and with different inter-
fingertip distance were selected, and finally, a grasp database
including 801 natural grasps was created. The postures with
different number of used fingers were added to the grasp
database in order to cover expected possible grasps. In
addition, the postures with different inter-fingertip distance
were added to synthesize the grasp for a newly given object
by interpolating a few postures in the grasp database.

The postures in the grasp database were held in the form
of joint angles acquired by using an optical motion capture
(MoCap) system with 25 reflective markers placed on the
dorsal side of the hand. The advantage of the grasp database
based on the contact regions is that the posture in the grasp
database whose contact regions are same as the input regions
can be used to synthesize the initial posture even if the
grasped object is different. Therefore, it is expected to have
wide applicability to object variations of size and shape.

The input information of grasp synthesis is the contact
regions and the points of grasping targets on the object
surface. In the method, postures having the same contact
regions as the input data are searched from the database
firstly. Then, an initial posture is synthesized by interpolating
the reference grasps whose contact regions are same as the
input data based on the distance between the target points
on the object surface. In this step, the hand model is also
aligned with the object by matching the contact points on
the hand with the corresponding contact target points on the
object.

Because the initial posture is not guaranteed to be a natural
and proper grasp, the initial posture is adjusted by quasi-
Newton method. The following five indicators were used
for adjustment: forming contact at given regions, forming
a contact in appropriate orientation, keeping postures within
joint ROM, joint coordination, and self-interference avoid-
ance. Forming contact at given regions is considered to
ensure that the specified contact regions reliably contact the
object surface. Forming a contact in appropriate orientation
is considered so that the normal vector of the hand is directed
in parallel with that of the object when grasping. Keeping
postures within joint ROM is considered to ensure that the
joints’ angles of the posture are feasible. If a joint angle is
out of range, returning torque is added to the joint. Joint
coordination is considered to ensure that the combination
of the joints’ angles is also feasible. Instead of considering
only the maximum and minimum values of the joint angles,
three parameters are defined for each joint and their mutual
dependency is considered in this indicator. Finally, self-
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Fig. 1. Outline of the method of grasp synthesis proposed in [10] and [11]

interference avoidance is considered to ensure the avoidance
of interference among the fingers or the palm. The hand
model is divided into 18 rigid bodies and the interference
is checked for all pairs of segments using proximity query
package [20].

III. THE FEATURES OF LIMITED ROM

This paper aims to synthesize the grasps for thumb’s
ROM-limited hands by adding the information of the ROM
limitation to the database of healthy hands proposed by [10]
and [11]. As another approach, it is possible to create a new
database for ROM-limited hands from scratch. However, it is
necessary to acquire a huge amount of postures and rebuild
the database for each type of ROM-limitation. In anticipation
of increased types of limitation dealt with in future work,
grasps are synthesized by adding minimal changes to the
database of healthy hands.

In [21], we measured the ROM when the palmar abduc-
tion of thumb’s CM joint was artificially limited using our
proposed taping method to emulate CTS, and investigated
the grasp characteristics of an artificially ROM-limited hand.
There was no limitation in the radial direction of the thumb’s
CM joint, but the radial abduction was limited due to the
limitation of palmar abduction, because there is a strong
mutual dependency between the palmar abduction and the
radial abduction of the thumb’s CM joint. Since individual
differences among ROMs are very large even in healthy



(a) a grasp using thumb’s ulnar
side

(b) a grasp using thumb’s radial
side

Fig. 2. Examples of grasps using thumb’s lateral region (often found in
grasps by ROM-limited hands)
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Fig. 3. Representative nine hand models proposed in [22]

hands, only the rough features of the measured limited ROM
in [21] were considered in the ROM limitation for the grasp
synthesis in this paper. In the coordinate system of the hand
model used by [10] and [11], it was confirmed that the ROM
limitation by the taping method proposed in [21] restricted
about 60% of the palmar abduction and 40% of the radial
abduction.

In the method of grasp synthesis proposed in [10] and
[11], the ROM information is used only when adjusting the
posture in optimization calculation (the indicators of keeping
postures within joint ROM and joint coordination). In this
study, as a method with the least change from [10] and
[11], ROM-limited hand’s grasps are synthesized simply by
narrowing the ROM (60% decreased palmar abduction and
40% decreased radial abduction of the CM joint). The quality
of synthesized grasps is verified.

In the experiments in our study that follows [21], it was
found that there were two types of grasps with the ROM-
limited hands. One was a type that used the lateral region
of the thumb (Fig. 2) as revealed in [21], and the other was
a type that used the same contact regions as healthy hands.
Whether these features are observed in the synthesized grasp
postures are one of the points of relevance of the grasp
synthesis method.

(a) Input data for the model of the camera

(b) Input data for the model of the spray can

Fig. 4. Input data for grasp synthesis for the three object models

IV. GRASP SYNTHESIS FOR ROM-LIMITED HAND

A. Using the same input data as the healthy hand

1) Conditions of the grasp synthesis: The features of the
human hands are very diverse. In [22], the thickness of joints
and the finger lengths were focused as the characteristics of
hands, and the nine representative forms of human hands
were shown in terms of two parameters (long/short and
robust/gracile) (Fig. 3). In this study, we focused on the
finger lengths and used three hand models with different
lengths (the hands surrounded by the red line in Fig. 3)
for grasp synthesis. Hirono et al. synthesized the grasps by
healthy hands whose lengths were different and confirmed
that the flexion angle of the fingers varied due to the
difference of the lengths [11].

We considered both a healthy hand (with original ROM)
and a ROM-limited hand (with narrowed ROM) for each of
the three hand models with different lengths. Grasps were



synthesized for two object models (camera and spray can),
and synthesized postures were compared. The contact regions
and target points of each object model are shown in Fig. 4.
The gray regions on the hand surface indicate the contact
regions, and circles with the same color indicate a target
point on the object and its corresponding contact region.

2) Results and Discussions: The postures synthesized for
the camera by the hand model whose length is long are
shown in Fig. 5, and those for the spray can by the hand
model whose length is short are shown in Fig. 6 as the
examples of results. In either case, no significant difference
in the postures can be confirmed between the healthy and
ROM-limited hands. In the posture for the camera, however,
the thumb obviously interferes with the grasped object for
the ROM-limited hand. (Note the area surrounded by the
green circle in Fig. 5 (b).) If the tip of the thumb attempts
to approach the target point within the narrowed ROM, it
is considered that the thumb cannot move to the position
along the object surface. It is assumed that the position of
the thumb’s target point is inadequate. On the other hand, for
the spray can, the unnatural posture in which the index finger
is not in contact with the grasped object is synthesized for the
ROM-limited hand. (Note the area surrounded by the green
circle in Fig. 6 (b).) While the angle between the thumb and
the index finger is adjusted by the thumb’s CM joint for the
healthy hand, that for the ROM-limited hand is adjusted by
the angle of the index finger because the thumb’s ROM is
narrowed. Therefore, the posture of the index finger tends to
be unfeasible. These results indicate that synthesis of feasible
grasps for ROM-limited hands by inputting the same contact
regions and grasping target points as the healthy hand is
difficult.

B. Changing the input data for the ROM-limited hand

1) Conditions of the grasp synthesis: In the real observa-
tion of the grasps by ROM-limited hand, the big difference
between the posture for the ROM-limited hand and that
for the healthy hand is the contact position of the thumb
and palm with the object surface. Therefore, grasp synthesis
is attempted by excluding the information of the thumb’s
grasping target points and changing the palm’s target points
from the input data. In the grasp synthesis method proposed
by Miyata et al., it is not necessary to specify grasping target
points for all selected contact regions. Taking advantage of
this feature, grasp synthesis is attempted under the condition
that the thumb is allowed to contact the object at any position.

The change of the input data for the ROM-limited hand
is shown in Fig. 7. The same regions as the healthy hand
are specified as the contact regions, and only the grasping
target points are changed. The color of the circle indicating
the original target point corresponds to Fig. 4. The changes
are as follows:

• Exclusion of the thumb’s grasping target points
• Moving the grasping targets of the palm regions to the

proximal and ulnar direction
• Adding the target point corresponding to the proximal

palm region (if the target point is not given to the

(a) Grasp posture synthesized for the healthy hand

(b) Grasp posture synthesized for the ROM-limited hand

Fig. 5. Grasp postures for the camera: hand model whose length is long

proximal palm region in the healthy hand)

2) Results and discussions: The posture synthesized for
the camera by the ROM-limited hand model whose length
is long is shown in the Fig. 8, and that for the spray can
by the ROM-limited hand model whose length is short is
shown in Fig. 9. By changing the input data, interference
with the object of the thumb and separation of the index
finger from the object are avoided, and the feasible postures
are synthesized for the ROM-limited hand. Comparing Fig. 8
to Fig. 5 (a), it can be obviously seen that the difference
between the thumb’s positions as surrounded by the blue
circle in Fig. 8. The thumb does not separate from the index
finger and the thumb’s radial region contacts with the object
surface in the posture synthesized for the ROM-limited hand.
This feature is consistent with the utilization of the side of
the thumb that observed in actual grasps by ROM-limited
hands, and the feasible grasp of ROM-limited hand can
be synthesized. Next, comparing Fig. 9 to Fig. 6 (a), the
differences is smaller as compared with the posture for the
camera. However, as shown by the blue circle in Fig. 9,
the middle, ring and little fingers wrap around the object
shallowly, and the visible area of the palm is wider in the
ROM-limited hand. In addition, looking at the posture from
the top of the object, back of the hand looks like getting
thinner in the posture for the ROM-limited hand because
the wrist angle changes. These are the changes that occur



(a) Grasp posture synthesized for the healthy hand

(b) Grasp posture synthesized for the ROM-limited hand

Fig. 6. Grasp postures for the spray can: hand model whose length is short

because the entire hand is closer to perpendicular to the
object than the posture for the healthy hand in that for the
ROM-limited hand. The contact surface of the thumb is not
different from that of the healthy hand. Such grasps are
observed also in actual grasps by ROM-limited hands.

The feasible grasp postures for the ROM-limited hand are
synthesized by not specifying the contact target points of
the thumb. For the ROM-limited hand, the solution space
for its grasping posture is narrow due to the limitation of
the thumb’s ROM, and specifying the target points of the
thumb makes grasp synthesis difficult. However, if neither
the thumb nor proximal palm region has the corresponded
target point, grasp synthesis can also be difficult due to
the lack of given information . Moreover, since there is a
tendency to support the object with the palm regions instead
of the thumb in the ROM-limited hand in the observation
of the real grasps, it is considered that the feasible grasps
are synthesized by designating the target points of the palm
regions on the proximal position than the healthy hand.

Excluded target point

Original target point

Target point after change

(a) Camera

Excluded target point

Original target point

Target point after change

Added target point

(b) Spray can

Fig. 7. Changing the input data

Fig. 8. Grasp postures for the camera excluding the thumb’s target point:
ROM-limited hand model whose length is long

V. CONCLUSION

We tried to synthesize natural grasps for digital hands with
limited ROM in their thumbs’ joints. Our previous method
[10] and [11], originally developed for healthy hands, was
applied to this problem. In the coordinate system of the
hand model used by [10] and [11], it was confirmed that
the ROM limitation by the taping method proposed in [21]
restricted about 60% of the palmar abduction and 40% of the
radial abduction. We added the ROM limitation to the hand
model used in [10] and [11] and synthesized the grasps. Two
objects (camera and spray can) were prepared and three hand
models whose lengths are different were used. In the grasping
postures synthesized for the ROM-limited hand, interference



Fig. 9. Grasp postures for the spray can excluding the thumb’s target point:
ROM-limited hand model whose length is short

of the object with the thumb and noncontact with the object
of the index finger occurred.

Then, by excluding the grasping target points of the thumb,
moving the grasping targets of the palm regions to the
proximal and ulnar direction, and adding the target point cor-
responding to the proximal palm region, the feasible grasps
for the ROM-limited hand were synthesized successfully. In
the experiments in our study that followed [21], it was found
that there were two types of grasps with the ROM-limited
hands. One is the type of grasps whose joint angles of the
wrist and the four fingers other than the thumb are adjusted
and the contact regions are same as these of the healthy
hand. This feature can be reproduced in the synthesized
posture for the spray can. The other is the type of grasps
in which thumb’s lateral region is used. This feature can
be reproduced in the synthesized posture for the camera.
These results indicate that natural grasps for ROM-limited
hands can be synthesized based on grasp database of healthy
subjects.

In future work, it is necessary to synthesize a grasp using
the thumb’s lateral region or a grasp using the same contact
regions as that of the healthy hand selectively. Currently
either of them is synthesized in our method. However, in the
observation of the actual grasps, different types are observed
for the same object by each subject. Therefore, synthesizing
both types of grasp postures for the same object would be
necessary for emulating actual human grasping.
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