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Abstract— The application of mechanical and other physical
properties to the development of robotic systems that can easily
adapt to changing external situations is known as mechanical
intelligence. Following this concept, many robot hand designs
can produce self-adaptive and versatile grasps with simple
underactuated fingers and open-loop control, while mechanical-
intelligent strategies for dexterous manipulation are still limited.
This paper proposes a mechanical-intelligent technique to
facilitate dexterous manipulation, in particular prehensile in-
hand manipulation. The proposed strategy is based on the
generation of complex spatial trajectories of the hand-object
system, controlled in open loop with the minimum number of
actuators and using simple low-level non-position modes. This
approach is exemplified by the rigorous analysis and testing
of a three-fingered two-actuator underactuated robot hand,
called the helical hand, which is capable of generating helical
prehensile in-hand manipulation of diversiform objects under
error tolerance controlled by constant speed algorithm.

I. INTRODUCTION

Robots are becoming more prevalent in our daily life
for assisting with people in a variety of environments.
However, despite this trend and the substantial progress made
in the last 40 years, and particularly recently using deep
reinforcement learning techniques—e.g., [1], [2], performing
reliable dexterous manipulation operations under both shape
diversity and shape uncertainty with a robot hand is still
an open question [3]. Further research is indeed needed in
the components of a dexterous manipulation robotic system,
which are a robotic hand and a control policy, along with
the object to be grasped and manipulated by the hand [4].

In the case of robotic hands, research in their design
has been historically dominated by efforts that focus on
the hand solely, with the purpose of developing manipu-
lation systems that are suitable for arbitrary objects. The
sophistication of current designs indeed diverges enormously,
from single degree of freedom parallel jaw grippers [5]
to complex anthropomorphic hands with a high number
of degrees of freedom (e.g., DLR [6], Gifu [7], Shadow
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Fig. 1.
to three orthogonal planes. Examples of helical prehensile in-hand ma-
nipulations applications with the helical hand: screwing a light bulb (b),
unscrewing a bottle lid (¢), and removing the stem of an apple by twisting
and pulling (d).

(a) Kinematic structure of the helical hand: three fingers attached

[8]). There are, nonetheless, many other hand designs in
the midst of these extremes that utilized a small number
of actuators or combined passive and coupled degrees of
freedom [9], [10]. For instance, underactuated hands, by
actuating multiple hand phalanges with a single actuator
through a carefully designed transmission mechanism, are
relatively simple to control while being able to grasp diverse
objects [11], [12]. Nevertheless, the ability of these hands to
perform complex tasks and in-hand manipulation operations,
despite recent progress [13], is still very limited, and their
transition from grasping control to dexterous manipulation
control has shown to break the simplicity of the former.
Previously, [14] explored a self-adaptive precision grasping
of this robot hand. This research mainly investigates complex
in-hand manipulation motion of spatial trajectories with the
help of machine intelligence.

Dexterous in-hand manipulation broadens the utility of the
hand for not only acquiring and maintaining grasps but also
for allowing fine adjustments to the position and orientation
of the grasped object. This re-positioning is called precision
in-hand manipulation when it occurs without breaking or
changing the contact between each fingertip and the object
[15], but the notion of in-hand manipulation is certainly
broader [16]. Some robotic hands exploiting mechanical
intelligence have been developed to facilitate in-hand ma-
nipulation. For example, the GR2 gripper [17] is a two-
fingered hand that introduces an elastic pivot joint between
the fingers to enlarge the range of planar reorientation. [18]
designed an intelligent embodied tendon-driven mechanism
based on turning transmission friction from a disturbance
into a design tool to perform a variety of grasping and
manipulation tasks. [19] proposed a three-fingered gripper
that is actuated by a single motor and is able to grasp objects
and perform rolling manipulation with a working mode
switching mechanism. Recently, a three-finger robot hand
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Fig. 2. (a) Schematic view of the hand-object system with global coordinate
systems O-XYZ and object coordinate system o-xyz. (b) CAD model of the
proposed helical hand.

with a reconfigurable palm utilised two five-bar linkages to
create systematic prehensile in-hand manipulations [20].

Most of the underactuated hands are limited to perform
in-hand manipulation in a planar plane [21] [22]. For more
complex or spatial dexterous in-hand manipulations, re-
searchers have preferred to create or use anthropomorphic
hands [23]. OpenAl [1] used deep reinforcement learning
to learn dexterous in-hand manipulation to perform vision-
based object reorientation on a Shadow Hand. The hand
was taking advantage of gravity to accomplish the object
reorientation where the object can rest on the palm without
grasping, this is indeed a tendency in other similar works
(e.g., [24]). The i-HY Hand [25] which is an underactuated
hand can achieve a wide range of grasping and in-hand
manipulation tasks, but it requires proper evaluation and
modelling for each object geometry.

Unscrewing and screwing objects is essential for humans,
but reproducing such manipulation behaviour requires de-
tailed knowledge about the object position, contact location
with sensor feedback and redundant control systems. Re-
search on prehensile in-hand helical manipulation trajecto-
ries remains an open problem in the dexterous manipula-
tion literature. Examples of these approaches are [26] and
[27], where bioinspired sinusoidal finger joint synergies and
electrocardiogram synergy control of an anthropomorphic
artificial hand were used. [28] proposed a simpler solution
based on a soft robotic gripper that can twist objects but it
requires 3 pneumatic chambers per each finger. [29] recently
developed a deep reinforcement learning algorithm for some
related everyday hand manipulations such as valve rotation,
box flipping, and opening a door with flexible handle using
a three-fingered simple hand, but these operations, as set
by the authors, do not require prehensile motions. Solutions
proposed for twisting and pulling [Fig. 1(c)], which is
another type of prehensile helical motion, were not identified.

In this paper, we explored the mechanical intelligence of
our underactuated robot hand, with simple velocity control,
which can achieve helical in-hand manipulation motion with
different sizes and shapes of objects. In section II, the helical
motion is thoroughly analysed using a mathematical model to
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Fig. 3. (a) Top view of the hand- object system. ¢ is the rotation angle
between the reference frames {m} and {B}. Simulation of the helical
motion trajectory of a triangular object of size 30 mm based on the actual
prototype’s actuation range (b & c¢). The coloured circles are the contact
point positions of each finger, the purple dots indicate the centre point of the
equilateral triangle. 1) indicates the object rotation range from the starting
to the end position.

gain insight into this type of manipulation. From this model,
section III presents a low-level control scheme and detailed
kinematic analysis of the robotic hand. The actuation method
and fingertip design are then defined based on these results.
Experiment results of our robot hand’s prehensile helical
in-hand motion are demonstrated in section IV. Lastly, we
discuss the helical hand’s performance and limitations as well
as future developments.

II. IN-HAND MANIPULATION ANALYSIS OF GRASPED
OBIJECTS

A. Design of the Helical Hand

Figure 1(a) shows the kinematic structure of the helical
hand. The robotic hand consists of three fingers, each finger
is composed of two parallel revolute joints. The fingers are
attached to three orthogonal planes, where the proximal joint
axes are perpendicular to each other.

According to the extended Chebychev-Kutzbach-Griibler
criterion, for the hand-object system of the helical hand we
have the mobility of the hand-object system for the helical
hand (under the point contact with friction assumption) is 3,
the feasible movements of a manipulated object correspond
to a three-manifold. The helical hand consists of two actua-
tors for grasping and manipulation. One actuator for the three
proximal joints and one actuator for the three distal joints.
This makes the hand-object system underactuated.

Figure 2(b) shows the CAD view of the helical hand which
is designed based on the topology of the underactuated hand-
object system. The hand is mainly divided into two parts:
the top part is a cubic structure based finger system and the
bottom part is the actuation and the differential system. The
actuation range of the proximal joints and distal joints are
from -48° to 7° and 75° to 107° respectively. More detailed
information of the prototype can be found in [14].

B. Kinematic Analysis of Manipulation Phase

The following kinematic analysis can find the manipula-
tion trajectory of the grasped objects based on the schematic
view of the hand-object system 2(a). The orientation of
the object with respect to the base frame {B} is given by
a orientation matrix R. For the analysed hand dimensions
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Fig. 4. The relationship between the actuation angle «, 5 (°), the translation distance o (mm) and the orientation ¢ with different object sizes a (mm).

Green areas indicate the feasible rotation range of each object.

(dy = dy = d3 =13 =1y = 55mm), the {m} coordinate
system o-xyz needs to rotate three times to fit the global co-
ordinate system O-XY Z. Firstly, a rotation along the Z-axis
of 61=45°. Then, a rotation along the X -axis of 62=54.736°.
Finally, a rotation along the Z-axis of 03 = §+60°, where
0 is the rotational angle between the Y-axis and y-axis (the
orientation of the object) as shown in Fig. 3(a). Therefore,
the corresponding orientation matrix X can be worked out.

In the in-hand manipulation analysis, the manipulated
body is an equilateral triangular object, where the edge
lengths are the same, so the coordinates of the points C;
in {m} can be simplified as C; [@a, 0,07, C; =
[~¥%3a,a/2,0]T, and Cy = [~ L2a, —a/2,0]".

The origin coordinates of {m} in {B} are o
[02,04,0.]T, and then C; = 0+ RC, in {B}. As the actuated
joints of the helical hand are all revolute joints, the axis of
rotation of the segment C;A; is in the direction of OA; at
A;, which makes the z-coordinate of the point C'y is always
equal to d, and similarly for the y-coordinate of the point Cy
and the z-coordinate of the point Cs. Then, the relationship
between the object coordinates and the object orientation is
given by

3
Oy d— \3[a7’11
— — 1
0= |0y d+ %argl — 5arz2 (1)
1
0z d+ —\égargl + 5(17’32

where r;; are the elements of the orientation matrix at the
i-th row and the j-th column. Finally, from the component
r3o of the orientation matrix R, the relationship between the
size of the object a and the orientation of the object § can
be found, namely

CQZ - 032

—sin(b2)cos(d + w/3) = (2)

a
C. Helical Motion Determination

Based on the kinematic model of the manipulation phase,
the trajectory of the grasped object can be worked out.
The grasped object has a coupled rotation and translation
movement when actuating the hand. For helical motion, the
characteristic is that the centre of the object will move along
the rotation axis while performing rotation. In this case, for
different ¢, the coordinates of those different o should follow
along the rotation axis. It has been verified via numerical
simulation in MATLAB that when all the three fingers’
movements are identical, for different §, the position of o

moves along the vector ¥ = [1 1 1], where the value of

0z, 0y, and o, are all equal for each o. In addition, the
direction vector of the centre line (diagonal axis) of the hand
is ¥ = [1 1 1] as well in spatial frame. This result shows
that the hand is able to manipulate an object under a helical
motion along its diagonal axis.

Figure 3(b&c) illustrate the helical motion of a equilateral
triangular object in two views under the actuation constraints.
1 indicates the object rotation range, the coloured circles
denote the contact point positions, and the purple dots
denote the centre points of the object. In the simulation,
when plotted the translation distance vs time, the line is an
approximately sine wave. In terms of the translation speed,
it means objects will reach their maximum and minimum
translation distances slowly and move relatively fast during
the helical motion without considering the finger constraints.

From equation (1) and (2), it can be seen that the object
size is one of the factors that effects the manipulation range
and the grasping configuration of the helical hand. Fig. 4
illustrates the relationship amongst the object size, the hand
configuration (o & f3), and the object orientation (). It shows
for a z axis helical motion controlled by two motors, when
the object rotates anti-clockwise (¢ increases), the proximal
joints «; will increase and the distal joints 3; will decrease.
Green areas are the feasible rotation ranges for each size of
object when actuation angle constraints are applied. Here the
constraints are based on the helical hand design. The feasible
rotation range (green shaded area) decreases significantly
when the object size increases. Similarly, the translation
distance o has been plotted with the object orientation ¢ in
4 different object sizes.

III. CONTROL VIA MECHANICAL INTELLIGENCE
A. Two Motors Control

Since the contact point coordinates can be calculated by
using the translation matrix and orientation matrix, the hand
configuration can be defined through the inverse kinematics.
If the coordinates of C; are known, equation (3) will only
has two sets of a; and 3; values, which means each finger
will have two configurations to grasp the object at the same
position

Cy = licosaq + lacos(ar + f1) 3)
Clz = llsinal + lQSZ"/l(Oél + ,61)

Following these steps, given the moving trajectory of the
object, when we keep ay=as=as, if the results of 3; are the
same ie. 51=[2=03, then we can say this hand mechanism
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TABLE I
CONTROL RELATIONSHIP BETWEEN PROXIMAL JOINTS AND DISTAL JOINTS

object size 0 range « initial | « final Aa [ initial | 3 final AB ApB/Aa | new AB | new f§ final
30 mm 48° -76° -16.1° -3.2° 12.9° 95.5° 74.5° 21° 1.6279 18.9° 76.6°
40 mm 52° -70° -18.8° -7.5° 11.3° 92.6° 74.9° 17.7° 1.5663 16.6° 76.0°
50 mm 55° -66° -20.5° -11.1° 9.4° 88.4° 74.1° 14.3° 1.5212 13.8° 74.6°
60 mm 56° -63° -21.6° -15.2° 6.4° 83.5° 74.1° 9.4° 1.4687 10.4° 74.1°

Algorithm 1 Motor points calculation

Algorithm 2 Grasping & Manipulation Control Scheme

1: procedure (REQUIRED JOINT ANGLES «,[3)
2: Compute Motor points x; - Eq. (4)
Compute the compliant distal angle g at x; - Eq. (5)
if Bo < [ then
BF=p-Po
Compute Motor points increment x5 - Eq. (6)
Motor points Xz = x5+780
else
Motor points x2 remains at 780

R A

can perform the motion by using two motors, one for «
joints, the other for g joints. Additionally, it can be shown
using numerical simulation that when f; are constrained to
be equal, o; can be the same to produce a helical motion
along the object z axis based on the equation. This shows
that the hand has the ability to perform the helical motion
along the object z axis by only using two motors.

B. Helical Motion Control scheme

Both «; and 3; in the green areas of Fig. 4 are approaching
a linear trend for all sizes of objects. We analyzed the
variation of «; and [3; inside of the green shaded area in
Table I to see how the changing rate of «; and [3; varies
with the object size. For different sizes of objects, the table
shows the ratio between the AS (distal joints variation)
and the A« (proximal joints variation) are similar. The
results show that the hand has potential to use the same
speed control scheme to manipulate different sizes of objects.
Higher ratio indicates greater change in the distal joints when
changing the proximal joints. Therefore, in order to choose a
suitable AS/Aa« ratio for a secure grasp during manipulation,
the change in distal joints (AJ) can only be smaller than
required. In this case, we chose the minimum AJ/A« ratio
which is the 60 mm object (1.4687) to calculate the new Af.
According to the results, the maximum difference between
the ApS and the new Af is 2.1°. Broadly speaking, the
difference is not obvious in terms of the prototype, we can
establish a hypothesis that this mechanical design is capable
to perform a predictable in-hand helical motion of various
object sizes at a constant speed (velocity regulation). The
performance of the helical hand with velocity regulation by
applying the new [ final has been evaluated in the next
section.

C. Practical control algorithm

For the practical case, due to the prototype design, the
conversion between the joint angles («;, 3;) and the actuation

1: procedure (OBJECT SIZE a, DESIRE ROTATION ANGLE
0 OR TRANSLATION DISTANCE O )

2: Compute the initial grasping configuration o ;tiais
Binitiar (joint angles) and Ojniriqr (grasping height)
based on the input object size a using equations (1&2)

3: Compute the initial motor points (Algorithm 1)

4: Move both motor to the calculated initial positions

5: Compute the final grasping configuration aepng, Send
based on the input desire manipulation § or o using
equations (1) - (3)

6: Compute the final motor points (Algorithm 1)

7: Move both motors to the desired positions linearly

to perform the manipulation

motor positions is not straightforward. The distal links have
a compliant adaptive motion while actuating the proximal
links due to the compliant adaptive characteristic of the hand
design. A motion tracking analysis has been operated to
find out a mathematical way to implement the compliant
adaptive motion. By just actuating the proximal joint motor
and leaving the distal joint motor at its starting position (780
motor points in Arduino). Four markers were attached to the
frame, the proximal joint, the distal joint and and the fingertip
to record the variation of the joint angles («;, 5;) by actuating
the proximal joint motor linearly. It is shown that within
the proximal joint motor actuation range, the proximal joint
angle «; decreases from 7° to -48° and the distal joint angle
B increases from 74° to 96° in an approximately linear way.
By using the first order best fit function in MATLAB, polyfit,
the function of joint angles (o, 8;) in terms of proximal joint
motor’s actuation points x; are

a; = —0.11947;1 + 59.5236, 4)
B: = 0.0513z; + 48.2620, (5)

where x1 is between 450 and 900.

For in-hand manipulation or grasping complicated objects,
the distal joints need an extra actuation of the distal joints
motor. A similar motion tracking test was performed to find
out the relationship between the 3 increment (3%) and the
distal joints motor points increment ()

B+ =0.1403z} + 3.6448, (6)

where z, is between 0 and 220.

Here, Algorithm 1 describes the method of computing
the motor points by inputting the required joint angles «
and B based on the motion tracking’s output equations.
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Fig. 5. 16 different testing objects for helical motion test: four triangles
(30mm-60mm), four squares (30mm-60mm), and four cylinders (40mm-
70mm).

TABLE II
SIMULATION AND EXPERIMENTAL RESULTS OF 3 OBJECT SHAPES ON
VARIOUS SIZES WITH VELOCITY REGULATION CONTROL & MAXIMUM
POSITION CONTROL SCHEME

Simulation Velcity Regulation | Maximum Position
obsize | S: Ad | S: Ao | EV: Y | EV: 0 EM: ¢ | EM: 0
30 mm 27° 11.4 15.6° 10.6 20.7° 12.3
40 mm 17° 9.7 7.48° 8.77 20.5° 14.7
50 mm 11° 7.8 5.13° 7.81 10.6° 14.3
60 mm 6° 5.1 2.79° 4.71 5.86° 14.4

Algorithm 2, the manipulation control scheme, utilises the
above motor points calculation to perform the helical or
grasping manipulation.

I'V. HELICAL MOTION PERFORMANCE

To evaluate the proposed control scheme of the helical
hand, 12 different objects were manipulated by the helical
hand (Fig. 5) with velocity regulation of actuators. The hand
is facing up and holding the object firmly like Fig. 2(b). This
setup configuration enables the cameras to record the markers
properly. Each object has 4 tracking markers to define the
centre and the edge of the object. Motion tracking cameras
(OptiTrack Flex 3) were used to record the object trajectory.
According to the new B¢inq from Table I and based on the
control algorithms, the motors of the helical hand were set
at the same speed to manipulate those 12 objects, size varies
from 30mm to 60mm, in two conditions: direct and offset.

A. Helical Motion from Target Position

First condition is grasping the object at the centre of
the hand and perform the manipulation with the constant
velocity ratio followed by the control scheme. Table II
shows the comparison of the simulation and the experimental
rotation angle ¢ © and the translation distance o (mm). The
simulation results are summarised from Table I and Fig. 4
and the experimental results are the average of all three
object shapes. With the proposed velocity regulation control
scheme, the helical hand can rotate and translate different
objects at the same time. The experimental translation results
are very close to the simulation range with error less than 1
mm. However, the experimental rotation results are less than
the simulation results at around half of them.

Figure 6 illustrates the variation in rotation and translation
of all triangular, square and cylinder objects in 4 different
sizes. Due to the limitation on the rotation results, the
experimental results are not quite match with the simulation
trend. However, there are some objects follow the trend, e.g.
the 60 mm triangle and circle etc. In summary, the triangular
objects perform better than the others. This may because
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Fig. 6. The relationship between the translation distance o (mm) and
the rotation ¢ (°)with different object sizes on 3 different object shapes:
triangles, squares, and circles. a is the size of the object in mm. The
black lines are the simulation results and the rest coloured lines are the
experimental results.

of the differences in grasping strategy for those three types
of shapes. The contact locations are slightly different from
those three shapes. Triangular objects have the best contact
strategy as the hand topology is orthogonal. The hand grasps
the cylinder in a similar strategy, but the contact condition is
changing from a flat-to-flat contact to a flat-to-curved contact,
the stability of the hand decreases. This may lead to tilting
and slipping during the manipulation. For square objects,
the grasping condition is different, the hand is incapable of
holding the object evenly. So the hand is primarily using
two fingers to grip the object and the rest finger for guiding
the object or even providing a push out force towards to
the fourth edge. This special grasping strategy limits the
translation distance of the square objects.

To improve the rotation range of the hand, another exper-
iment has been conducted to manipulate the same 12 objects
but without using the velocity regulation control scheme.
The control scheme is straightforward that controlling both
motors to their maximum positions but this also has a
drawback that the overload force may break the fingers.
Table II last column shows the comparison of the simulation
and the experimental results under this control scheme. The
rotation ranges improved a lot on all object sizes where the
differences are decreasing from average 7.5° to less than
1°, but the translation range became worse. The translation
ranges have little changes among different sizes of objects,
especially from size 40 mm to 60 mm, the average translation
range are almost identical.

B. Helical Motion with Offset

Apart from grasping the object at the centre of the hand,
we also tested the manipulation tolerance of the helical hand
by placing the object at three offset positions. The offset
positions are the positions of each fingertips at the opening
stage. We labelled the first fingertip position as offset X, the
second fingertip position as offset Y, and the third fingertip
position as offset Z. The distal link adaptive feature are
utilised in this experiments by grasping the object in offset
positions. The helical hand was controlled under the velocity
regulation control scheme for this experiments.

Figure 7 shows the rotation and translation range of both
simulation and experimental results on all tested objects. The
performance of each offset for different objects are not steady
with the circle in offset Y position is the largest rotation of
size 30 mm, and the square in offset Z position is the largest
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rotation of size 40 mm and 50 mm, but the average of all
three offsets results are close to the direct grasping results.
For object size 30 mm to 50 mm, the largest experimental
rotation ranges are larger than the simulation results, but
all experimental results for 60 mm objects are less than the
simulation results.

The experimental results of translation ranges are more
consistent and close to the simulation results. Fig. 7 shows
for objects of size 30 mm, the translation ranges of offset Y
position are the highest ones among other offset conditions.
The translation ranges of offset Z position of triangular
objects are the least for all sizes. Overall, the translation
range differences among all three shapes at the same size
are not obvious, the helical hand showed high manipulation
capability and tolerance on translating objects regardless
shape.

V. DISCUSSION & CONCLUSION

Following the performance evaluation of the helical hand,
it shows that the hand can manipulate objects in a helical
motion with speed control and still keep the general grasping
capabilities. The helical motion results verified the hand can
rotate and translate an object at the same time with the
simple speed control. Under the velocity regulation control
scheme, for different object sizes and shapes, the velocities
of both motors are always based on the same speed ratio.
Due to the motor limitation, there is no torque control, the
motors are position controlled indeed which are calculated
from the simulation. As there is a reality gap and the
manufacturing errors, the hand did not grasp the objects
tight enough by using the calculated motor points. As shown
in Table II with velocity regulation control, the rotation
ranges are unsatisfactory due to the loose contact conditions
and the backlash of the actuation gears. The trend of the
manipulation capability are clear which is the rotation and
the translation ranges decrease when the manipulated object
sizes increase.

Moreover, we control the hand with the maximum control
scheme, actuating the motors to their maximum positions,
producing a very tight grasp during the manipulation, while
delicate force may be required in the case of soft objects.
Table II shows that the rotation ranges improve a lot com-
pared to the previous method, but the translation ranges
are unusual. As the motors are reaching to their maximum
positions, the ended positions of the helical hand for most
cases are similar, that is why the differences of the average
translation ranges amongst various object sizes are close to
each other. Furthermore, under the high grasping force, the
proximal gears may jump over teeth when motors trying
to reach their maximum positions due to the prototype
manufacturing error.

One of the main issues during the potential application
tests is the variation of the helical pitch for different tasks.
With the velocity regulation control, the hand is only able to
produce a certain type of helical motion which may not be
able for all tasks. Nevertheless, the hand shows the capability
to perform helical motion on different type of objects.

In summary, the proposed mechanical intelligence prin-
ciple has been proved by the introduced prototype for
helical prehensile in-hand manipulation on different types
of objects. Under the simple velocity regulation control
scheme, the proposed hand performs well enough on those
tasks. Benefit from the differential system of the distal links,
the helical hand shows good adaptive grasping and in-hand
manipulation capability on error tolerance. Some potential
improvements in the hand design are identified for future
research. For example, adding springs to the linkages can
increase the passive grasping forces. Furthermore, constraints
on the distal links’ ball joints will help prevent the finger-
tips from coming off. Additionally, if each proximal finger
could be independently controlled to exhibit various in-hand
manipulation behaviours, reincorporating with deep learning
method, the grabbing ability and potential applications could
significantly be increased.
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