Design of an underactuated grasper
with adjustable compliance







Design of an underactuated grasper
with adjustable compliance

MASTER OF SCIENCE THESIS

For the degree of Master of Science in Mechanical Engineering at Delft
University of Technology

May 21, 2013
Author: R.A.J. Stavenuiter
Student number: 1359568
Board of examiners: Prof.Dr.Ir. J.L. Herder, Delft University of Technology

Dr.Ir. L. Birglen, Polytechnique Montreal
Dr.Ir. M. Wisse, Delft University of Technology
Ir. E.A. Arkenbout, Delft University of Technology

Faculty of Mechanical, Maritime and Materials Engineering (3mE) - Delft University of
Technology



Delft
I U D e I ft University of
Technology Copyright @

All rights reserved.



Preface

This thesis consists of the research I have performed at the Interactive Mechanisms Re-
search Lab of the department of BioMechanical Engineering. Spring balanced, compliant
and underactuated mechanisms are the main research fields studied at this lab which in my
opinion have one thing in common; obtaining functionality by means of a clever mechanical
design instead of sophisticated control. These topics have always intrigued me during my
study, therefore the choice was easily made to perform my graduation research at this lab.
One of the topics that drew my attention was underactuated grasping; simplistic multi degree
of freedom mechanisms that are able to grasp any kind of object using only a single actuator.
This type of graspers has a high level of self-adaptability which is advantageous when pick-
ing up objects but limits the robustness of the grasper. I challenged myself to increase the
robustness of an underactuated grasper by only adjusting the mechanical design.

The first part of my research consisted of a literature study on variable stiffness actuator
designs. The purpose of this study was to identify working principles used to mechanically
adjust the robustness of a mechanism and get inspired for the design of my grasper. The
second part of my research began abroad at Polytechnique Montreal. Here I performed the
conceptual design process and started the analytical modeling of the final concept. After 3.5
memorable months I returned to Delft to complete the analytical modeling and to build and
test a prototype of my final design.

I would like to thank my supervisors Just Herder and Lionel Birglen for their advice during this
research. Furthermore I would like to thank my friends, family, my girlfriend Roos Veenkamp
and my roommates: Thomas Dekker, Marjolein van Osch, Vincent Koenders, Roxanne Kiel,
Rowan Ton, Frank Vester and Claire den Boer with whom I could share my moments of glory
and distress during this research.

Delft, University of Technology R.A.J. Stavenuiter
May 21, 2013
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Design of an Underactuated Grasper with
Adjustable Compliance

Ronald A.J. Stavenuiter, Lionel Birglen and Just L. Herder

Abstract—Underactuated graspers are known for their self-
adaptability. The final configuration of the grasper in which it
obtains a stable grasp relies on the static equilibrium of the
grasper and object. An external or inertial force that acts on the
object disturbs this static equilibrium and can cause a change in
the configuration of the grasper. The self-adaptability therefore
reduces the robustness against external perturbations. This paper
introduces the concept design of an underactuated grasper with
the ability to adjust its level of self-adaptability by changing
the rotational stiffness of an internal differential mechanism.
By implementing a bi-stable mechanism the grasper is able to
transfer from a compliant state to a stiff state once the actuator
force overcomes a threshold value. Experimental validation of the
concept design shows that the lateral compliance of the grasper
in the stiff state is reduced by a factor of 7 compared to the
compliant state. The lateral pull-out force of the grasper in
the stiff state is increased by a factor of 1.9 compared to the
compliant state. As a result a grasper was designed which uses
the benefits of self-adaptability to grasp an object and increases
its robustness once a stable grasp is obtained without the need
of an additional actuator.

Index Terms—Underactuated grasping, robustness.

I. INTRODUCTION

NDERACTUATED grasping is a research topic that

is widely studied. Many grasper designs have been
proposed, such as the SARAH hands [1], SDM hand [2],
TWIX hand [3], Delft Hand III [4], SRI hand [5] and others
as can be found in [6]. An underactuated grasper distributes
an actuation force between the phalanges of its fingers. When
an actuator force is applied and the fingers enclose an object a
number of contact forces arise between the phalanges and the
object. Because of the self-adaptability of the grasper these
contact forces change the configuration of the grasper until
a configuration is found in which the grasper and object are
in static equilibrium. The general advantage of this working
principle is that a large variety of objects can be grasped
without sophisticated control algorithms. In the case that an
external force is applied to the object the static equilibrium
is perturbed. As a response to this force perturbation the
configuration of the grasper is adjusted and the object position
changes. If the object position stays within the stable region
of the grasper a new static equilibrium position can be found.
If it does not then the external force leads to an instable grasp.
One could say that instead of resisting external forces
the grasper adjusts to them due to its self-adaptability. This
behavior can be troublesome, for example during a pick and
place task in which the grasper undergoes high accelerations.
The inertial forces that act on the object can change the
configuration of the grasper which could lead to instability. It

may therefore be beneficial if the grasper could use the self-
adaptability while grasping and increase its robustness once a
stable grasp is obtained.

In literature previous work can be found that has focused
on improving the stability and the robustness of underactuated
graspers. Stability can be improved by optimizing the dimen-
sional design of a grasper [7] or by adding a second actuator
[8]. Other work has focused on improving the robustness of
an underactuated finger during a precision grasp by varying
the transmission ratio between proximal and distal phalanx
[9]. This variable transmission ratio is obtained by actively
changing the pulley radius of the proximal joint. Another way
to increase the robustness of a grasper is to remove degrees
of freedom (DOF) of the grasper using joint locks such as
electrostatic brakes as applied in [5] or friction based brakes
as applied in [10] [11]. Another possibility is to implement
a friction based coupling mechanism as applied in [12]. This
design increases the robustness by restricting the rotation of a
pulley that connects two tendon driven fingers.

Instead of removing DOF to increase the robustness of
a grasper another approach is to mechanically adjust the
rotational stiffness of the available DOF. This method is widely
applied in the designs of variable stiffness actuators such as
the MACCEPA 2.0 [13], AwAS II [14], DLR FSJ [15] and
others as can be found in [16]. This type of actuators make
use of passive elements and by changing the characteristics of
these elements the rotational stiffness of the actuator can be
adjusted. A similar method has been applied in underactuated
grasping to obtain the ability of adjusting grasp styles by
varying spring preloads of the fingers of the grasper [17].
Mechanically adjusting the rotational stiffness can also be used
to adjust the robustness of a grasper.

This research proposes the design of an underactuated
grasper which increases its robustness against external force
perturbations by adjusting the rotational stiffness of an internal
differential mechanism. By changing the actuation type of
the differential from a point force to an antagonistic couple
the rotational stiffness of the differential is adjusted. Using
a preloaded bi-stable mechanism the grasper requires only a
single actuator and transfers between a compliant and a stiff
state once the actuator force overcomes a threshold value.
Analytical and experimental validation of the design will be
done to quantify the robustness of the grasper.

The paper is constructed as follows: section II describes
the design method and the methods used to analytically and
experimentally validate the concept. Section III shows the
analytical and experimental results, which will be discussed
in section IV. Conclusions are drawn in section V.



II. METHODS
A. Design framework

In order to restrict the solution space of this research a
number of limitations were applied. The actuation force was
set at a constant value of 3.9N and no mass or inertia of
the links and object was considered. It was concidered not
to model the spring that connects the proximal and distal
phalanx. The robustness of the grasper was defined as the
ability of the grasper to resist lateral forces that are applied
to the center of the object in the direction parallel to the
palm. The lateral compliance of the grasper was used as
a metric to quantify the robustness and was defined as follows:

1 _ A)(obj,lat

N e (1)
klat AFﬂobj,lat

where the lateral compliance of the grasper is denoted by ﬁ
in which k;,; represents the lateral stiffness of the grasper.
AXopjiae represents the change in lateral displacement of
the object in meters and AF,; .+ represents the change in
the resulting lateral force of the object in Newton, both in
the direction parallel to the palm of the grasper. Because of
the nonlinear relation of eq. (1) the lateral compliance as
applied in this research was calculated only during the first
grasp type, starting at zero object displacement up to the
point where a transition to another grasp type takes place.
The lateral direction was chosen because the experimental
data of the Delft hand III as shown in [4] indicated that the
robustness of the grasper was approximately three times higher
in the case that the forces applied to the object were directed
perpendicular to the palm compared to the case were forces
were applied at an angle of iﬂ radians. Throughout this paper
the directions parallel and perpendicular to the palm of the
grasper will be referred to as lateral and axial respectively.

B. Conceptual design

1) Requirements: In order to set up the requirements of the
grasper a task analysis of an underactuated grasper was done.
A distinction was made between three basic tasks: grasp, hold
and release the object and for each task the desired lateral
compliance was determined. As a result it was stated that
the grasper should only have a high compliance during the
grasping action to passively adjust its configuration to the
shape and size of the object. Once a stable grasp is obtained
the compliance should decrease and be maintained up to the
point where the next object has to be grasped. The mechanism
that adjusts the compliance should therefore be triggered at
two instances, when the grasping action starts and once a
stable grasp is obtained. It was also stated that adjusting the
compliance should not interfere with the force distribution
between the phalanges. A change in the force distribution
between the phalanges disturbs the static equilibrium and
therefore results in reconfiguration of the grasper. Furthermore
it was considered desirable that a single actuator was used to
control both the motion of the grasper as well as adjusting the
compliance.

Fig. 1. Schematic representation of the final concept in its compliant (a) and
stiff (b) state.

2) Concept generation: As a tool to generate conceptual
solutions a literature study was done on variable stiffness
actuator designs to identify possible working principles of
adjusting the stiffness of a mechanism [18]. The findings of
this study were used to form the basis of a morphological
table describing solutions to obtain and trigger adjustable
compliance. Conceptual solutions were generated using two
different approaches, consisting of a total redesign of un-
deractuated fingers with implemented adjustable compliance
and designing mechanisms that work parallel to conventional
grasper designs. No focus was put on a specific actuation
principle, therefore linkage, pulley-tendon and gear driven
concepts were found. As a result a total of 24 conceptual
solutions were found of which the most promising concept was
chosen and further developed which led to the final grasper
design illustrated in Fig.1. Appendix A elaborates more on
each step of the concept design process that led to the final
concept.

C. Final concept

Fig. 1 is a schematic representation of the final conceptual
design. A conventional grasper design was used as a basis
and a mechanism was added to adjust the compliance of the
grasper. The grasper design which was used as a basis consists
of two fingers with each two phalanges. The angular rotation of
the phalanges is restricted by mechanical stops at joints H, I,
L and M. The input links of the two fingers (DF' H and EGI)
are connected to a differential (AY Z) which is connected to
joint A. This joint consists of a rotational and prismatic joint
which allows the differential to rotate and translate axially
along the ground link which is attached to the palm (HI).

A bi-stable mechanism (SUVT) is attached to prismatic
joint A of the grasper and is connected to a second prismatic
joint P. The rotation angles of the links SU and TV are
restricted by mechanical stops in joints U and V. The two
rotational joints S and T of the bi-stable mechanism are
connected by a preloaded tension spring. Two pairs of links
(SW-WY and TX-XZ ) connect the bi-stable mechanism



Fig. 2. Grasping sequence of the final concept in which (a) to (c) illustrate the object being grasped in the compliant state and (c) to (e) illustrate the transfer
between the compliant and stiff state. Once the grasper opens it stays in the stiff state as shown in (f) and transfers back to the compliant state shown in (a)

once the actuator force overcomes a threshold value.

to the differential. The angular rotation of both pairs of links
is restricted by mechanical stops in joints W and X. The
actuation force of the grasper should be applied at prismatic
joint P in the direction coaxial to the prismatic joint. The two
stable positions of the bi-stable mechanism result in either a
compliant or a stiff state. A transition between states occurs
when the actuator force overcomes the spring preload.

Fig. 1a illustrates the compliant state in which the preloaded
spring pulls links SU and VT against the mechanical stops.
In this state the actuation force applied at prismatic joint P
is distributed via the bi-stable mechanism to joint A of the
differential. As a result the actuation force is similar to a point-
force located in joint A. This allows the differential to freely
rotate around joint A and distribute the actuation force between
the two fingers.

Fig. 1b illustrates the stiff state in which the preloaded
spring pulls the two pairs of links SW-WY and TX-XZ
against their mechanical stops. The actuation force applied
at prismatic joint P is distributed via the bi-stable mechanism
and the two pairs of links to joints Y and Z of the differential.
This way the actuation force is applied to the differential as an
antagonistic couple which increases the rotational stiffness of
the differential around joint A. This antagonistic couple results
in an equilibrium position of the differential in which link Y Z
is parallel to the palm.

In Fig. 2 the grasping sequence of the final concept is
illustrated. It shows how a cylindrical object is grasped which
is located eccentric with reference to the center of the palm.
Fig. 2a shows the grasper in its compliant state and in
its opened position. Once an actuation force is applied to
prismatic joint P the fingers enclose the object (Fig. 2b). When
the contact forces increase the object is lifted from the ground
and directed to the center of the palm (Fig. 2¢). As the contact
forces further increase the preload of the spring of the bi-
stable mechanism is overcome and the grasper transfers from
the compliant to the stiff state (Fig. 2d and 2e). When the
sign of the actuator force changes the grasper opens (Fig. 2f).
The grasper remains in the stiff state up to the point that the
actuator force overcomes the spring preload and then transfers
to the compliant state. This brings the grasper back into its
initial state (Fig. 2a).

A
(a) (b) (c)
(d) (e) ()

Fig. 3. Schematic representation of the static equilibrium position of the
grasper and object for different lateral object displacements. Different grasp
types are illustrated that occur in both the compliant state: P1-D1-Palm-P2-D2
(a), P1-Palm-P2-D2 (b), P1-P2-D2(MS) (c) and the stiff state P1-D1-Palm-P2-
D2 (d), Palm-P2-D2 (e), P2-D2(MS) (f). The grasp types are labeled according
to the phalanges that exert a force on the object, where P and D stand for the
proximal and distal phalanx and 1 and 2 stand for the left and right finger
respectively. MS indicates whether the proximal phalanx is at its maximum
angle and makes contact with the mechanical stop. The arrow indicates the
direction of the resulting force of the object.

D. Analytical model

An analytical model was made and implemented into Mat-
lab to describe the behavior of the grasper when the object
undergoes a lateral displacement. Fig. 3 illustrates the grasp
types that occur during this object displacement for both the
stiff and compliant state. It shows that in the compliant state
the differential rotates and both fingers maintain contact with
the object as it undergoes a lateral displacement. However in
the stiff state the differential does not rotate when the object
undergoes a lateral displacement. The bi-stable mechanism
was designed in such a way that it prevents the differential
from rotating and instead the actuation force is counteracted



Fig. 4. Schematic representation of the differential, illustrating the angle of
the differential v, angles of the input links (31,32, link lengths a,b,c, the
actuator force Fy, the input forces of the left and right finger F and Fb»
which result in the input torques 77 and 7> and other geometric information.

and the entire differential translates axially. As a result only
the finger in the direction of the lateral object displacement
maintains contact with the object.

A general set of equations was set up describing the config-
uration of the grasper, the contact forces of the phalanges and
the resulting force of the object based on the position of the
object. Each of the grasp types illustrated in Fig. 3 could be
described by selectively combining equations from this general
set. Using the nonlinear solver fmincon the static equilibrium
position of the grasper and object could be determined for
a given lateral object displacement. An automatic transition
between grasp types was modeled by detecting the presence
of negative forces in the solution of the solver and proposing
a new grasp type based on the found solution. In the case that
the object did not make contact with the palm of the grasper
a solution was found in which the axial resulting force of the
object was equal to ON. In order to validate the Matlab model
a similar experiment was modeled in MSC Adams.

Appendix B elaborates more on the Matlab model. The
general set of equations will be discussed in the following
sections.

1) Contact forces: Fig. 4 illustrates a schematic represen-
tation of the differential and input links of the grasper. In the
compliant state the actuator force F, results in two forces F}
and F> which are dependent of the angles of the differential
o and input links a; and a as described by eq. 2 to 5:

Fy Fy |ry
= — 2
A= 1 @
with
p =risinasg + rosin oy 3)
r1 = —asin(a; — a —7) 4)

ro = asin(ag — @) (5)

Fig. 5. Schematic representation of the fingers grasping an object, illustrating
the actuation torques 73, proximal and distal contact forces Fjpi, Fg;,
Phalanx lengths L1, Lo, half the palm width Lg, the fixed angle v, phalanx
angles 0p;, 04; and other geometric information. The asterisk indicates the
instantaneous point of rotation (IPR) of the left finger.

In the stiff state the actuation force and the spring force of the
bi-stable mechanism prevent the differential from rotating. In
the case of a lateral object displacement the actuation force
is distributed between the two fingers in such a way that the
entire actuation force is distributed to a single finger. In the
case of an object displacement as shown in Fig. 3e and 3f the
entire actuation force is distributed to the right finger. In this
case the axial component of F5 is equal to the actuation force
and the magnitude of F5 can therefore be determined by:

F,
sin ag

F, = (6)

Using the expressions of F; and F5 the actuation torques
of the fingers 77 and 7> can be calculated. These actuation
torques relate to the contact forces according to equation (7)
to eq. (14) as described in [6]:

B Ll(_Ldi + h; cos le) :

i = LpiLai(hi + Ly) " ™
D
with
h; = g(cos(0g; — ) — sin(Bq; — ) cot B;) )
with
cot B; =
gsin(fq; —10)S; + M;(L1 + g cos(0a; — 1)) (10)
—(L1 + gcos(ba; —©))Si + Migsin(0a; — )
with
M; = —Ly (L1 +2gcos(8g; — ) + e — f2—g*>  (11)
S; =1/4e2f? — N? (12)
(13)



with

N; = Li(Ly +2gcos(0g; — ) —€e* — f2+g*>  (14)

where ¢ = 1, 2 represents the left and right finger respectively.
The resulting lateral and axial contact forces were used to
describe the resulting forces of the object. The angles of the
proximal phalanges of the grasper 6,; were bounded at iw
by a mechanical stop. The effect of the mechanical stop on
the proximal contact force was included in the model in the
case that the object did not make contact with the palm and
the resulting axial force of the object was directed towards the
palm of the grasper. This was done by increasing the value of
the proximal contact force up to the point where the resulting
axial force of the object was compensated.

2) Phalanx geometry equations: For a single finger two
ways of making contact with the object were considered:
contact with both phalanges or contact with only the distal
phalanx. Fig. 5 illustrates these two types. In the case that
both phalanges make contact with the object, the moment arms
of the contact forces and the angles of the phalanges were
calculated based on the position of the object as described in
eq.(15) to (20)

Lp? = \/(LO - Xobj)2 + bej - Rgbj (15)

Lgy =Ly — Ly (16)

R <cos—1 (Loll"(”ﬂ> T cos™! (L;Q’Q)) i)

040 =7 — 2cos™? (%:2) (18)
with

b= /(Lo — Xapy)? + Y3, (19)

lp = \/R2,; + L3, (20)

In the case that a finger makes contact with the object with
only its distal phalanx, a static equilibrium position can be
found when the line of force of the distal phalanx intersects
the equilibrium point of the finger. In the case that no prox-
imal contact force is present and the influence of the spring
between the proximal and distal phalanx is not concidered,
this equilibrium point is indicated by the instantaneous point
of rotation (IPR) of the proximal phalanx and link F'J or
GK of the transmission linkage for the left and right finger
respectively. Fig. 5 illustrates the case in which the left finger
is in its equilibrium point. This configuration of the finger can
be found by solving the set of loop closure equations described
by eq. (21) and (22), where eq.(21) describes the loop of the
phalanges, the center of the object and the palm and eq.(22)
describes the loop of the proximal phalanx, the equilibrium
point, the center of the object and the palm.

— L sin Qpl — Lag sin(9p1 + edl)

L() + Xobj — Tobj sin(@lﬂ + Gdl) (21)
7Y0bj —+ Tobj COS(Qpl + le)

(—L1 €08 0p1 — La1 cos(fp1 + 9d1)) _

*(L1+h1)COS9P1 o
—(L1 +h1)sin9p1 -
Lo+ Xobj — (hl sin 041 + Robj) Sin(epl + le) (22)
Yo + (h1sinf4 + Robj) COS(epl +641)

3) Differential geometry equations: In the case that the
grasper is in the compliant state the configuration of the dif-
ferential can be found solving loop closure equations eq.(23)
and (24), where eq.(23) describes the geometrical loop of the
input link of the left finger, the left half of the differential and
the palm and (24) describes the loop of both input links, the
differential and the palm.

acos(a + )

—Lo+ccosfBy +bcosa )
< ) o <a sin(a 4+ ) + d) (23)

csin 81 + bsin ag

—Lo+ccos By +becosag —acos(a+7v))
csin By + bsinay — asin(a + ) -

Lo+ ccos B +bcosas — acosa 24)
csin By + bag — asin «

In the case that the grasper is in the stiff state the angle of
the differential is known and the rest of the configuration of
the differential can be calculated using geometric equations.

E. Experimental Analysis

1) Experimental setup: A prototype of the final design was
made and is illustrated in Fig. 6. A laser cutting machine was
used to cut all the components out of a plate of acrylic. The
components were connected to each other using brass axles
with a diameter of 4mm. Ball bearings were used to create
the prismatic joints A and P. The bi-stable mechanism was
designed to have a threshold value of 3,5N.

An overview of the experimental setup is illustrated in Fig.
7. The ground link and the palm of the grasper were rigidly
connected to the base plate. A THK prismatic joint was also
connected to the base plate and was aligned with prismatic
joint P of the grasper. The sliders of the two prismatic joints
were rigidly connected to each other. By connecting a constant
weight of 400 grams via a pulley to the prismatic joints a
constant force actuation of 3.9N was obtained.

The cylindrical object was made out of acrylic disks with a
diameter of 35mm which were bolted on an aluminum frame.
Ball bearings were used to allow the frame to rotate along
a central axis. A Graupner electric motor with an eccentric
load was mounted on top of the object and was used to
induce vibrations. These vibrations were used to overcome
static friction in the joints of the grasper and allowing the
object to move to its static equilibrium position.

Two THK prismatic joints were mounted on top of each
other to create a planar joint for the object. This planar joint
was attached to the base plate in such a way that the two
prismatic joints were aligned perpendicular and parallel to
the palm of the grasper. A PI linear actuator with a Futek
load cell was aligned parallel to the palm of the grasper and
connected to the planar joint using a threaded rod. This way
the resulting lateral force of the object could be measured
with the load cell and the lateral object displacement could



(b)

Fig. 6. Grasper prototype in its compliant (a) and stiff (b) state while
grasping an object

be adjusted by controlling the position of the linear actuator.
Because of the planar joint the object could freely translate
in the axial direction. It was assumed that any torque caused
by the resulting lateral force of the object was counteracted
by the planar joint and did not have an effect on the force
measured by the load cell.

A labview program was used to control the position of
the linear actuator, to induce vibrations to overcome static
friction and to read the value of the load cell. A more
detailed description of the measurement setup can be found
in Appendix C.

2) Experiment protocol: Two types of experiments were
done to quantify the compliance of the grasper. In the begin-
ning of both experiments the actuation force was applied to the
grasper. The object position in which the load cell measured a
resulting force of approximately ON was found and considered
to be the center of the palm. With experiment A the linear
actuator moved the object laterally with a constant velocity
of 1 mm/s up to a maximum displacement of 25 and 22mm
with reference to the center of the palm for the compliant and
stiff state respectively. Once the final position was obtained,
the linear actuator moved the object back to the center of the
palm to close the loop. During both movements the actuator
position and the force measured by the load cell were obtained
with a sampling frequency of 20 Hz.

With experiment B the object was moved step by step with a
step size of 1 mm. After each step vibrations with a frequency
of 100 Hz were generated for 1 second to overcome static
friction and allow the grasper and object to move to the static
equilibrium position. Once the vibrations stopped the value of
the load was manually read and stored. When the maximum
displacement was obtained the actuator moved the object back
to the center of the palm. Again the object was moved step
by step, applying vibrations after each step and measuring the
resulting force for each object position.

With both experiments the procedure was repeated five
times for the grasper both its compliant and stiff state. The
actuation force used in the experiments exceeded the threshold
force of the bi-stable mechanism. Therefore in order to prevent
the transfer from the compliant to the stiff state the links of

Fig. 7. Experimental setup illustrating the grasper and the object on its
planar joint which is connected to a linear actuator via a load cell

the bi-stable mechanism were secured during the experiments
in which the grasper was in its compliant state.

III. RESULTS

Fig. 8a and 8d illustrate the results of the static analysis in
Matlab and the simulation in Adams. It shows the resulting
lateral force of the object for a lateral object displacement
in the compliant and stiff state for 120 data points. The
root mean square error (RMSE) of the Matlab and Adams
results was found 0.013N and 0.012N for the compliant and
stiff state respectively. The lateral object displacement on
which a transition takes place between two grasp types can
be identified from the characteristic of the graphs. Table I
shows the grasp type corresponding to each lateral object
displacement during the stiff and compliant state. The graph of
the compliant state starts in the origin and initially has a close
to linear behavior during the first grasp type. The graph of the
stiff state also begins in the origin but transfers immediately
to the second grasp type once the object undergoes a lateral
displacement. As a result of this displacement the resulting
lateral force of the object almost instantly increases to 3.65N.
The lateral compliance of both states was determined during
the first grasp type starting from the position in which the
object is in the center of the palm up to the point in which
the grasper transfers to the second grasp type. As a result
the theoretical lateral compliance in the compliant and stiff
state was found 0.0 and 4.15mm/N respectively. The maximum
lateral pull-out force which leads to the loss of contact between
the grasper and the object was indicated by the absolute
maximum force of the graph. Fig. 8a and 8d show that the
magnitude of the lateral pull-out force in the stiff state has
increased by a factor of 1.7 compared to the compliant state.

The results of experiment A in which the object was
displaced with a constant velocity for the compliant and stiff
state are shown in Fig. 8b and 8e respectively. The figures
show the analytical results of the Matlab model and the
experimental results of the resulting lateral force of the object
corresponding to a lateral object displacement. For both states
a large hysteresis loop can be seen. In the upper part of the
graph the object is moved away from the palm and in the
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Fig. 8. Results of the analytical analysis in Matlab compared to: the analysis

in Adams (a)(d), the results of experiment A (b)(e) and the results of experiment

B (c)(f) for the stiff and compliant state respectively. In all graphs the thick lines illustrate the analytical results, where the thin lines illustrate the experimental

results

lower part of the graph the object is moved towards the palm.
The large increase in force in the upper part of both graphs
at X,pj=0.013m and X,j=0.015m for the compliant and stiff
state respectively is due to the contact between the proximal
phalanx and the mechanical stop. In both graphs it can be seen
that in the case that the object is moved back to the palm, the
resulting force of the object becomes negative.

Fig. 8c and 8f show the results of experiment B in which
the object position was changed with a step size of 1mm and
vibrations were generated to overcome static friction. In both
states a hysteresis loop is visible. The root mean square error
of the analytical and experimental results was found 0.29N
and 0.53N for the compliant and stiff state respectively. The
lateral compliance was calculated during the initial grasp type
starting in the origin up to X,,;=0.004m for the compliant and
Xob;j=0.002m for the stiff state by means of a linear regression.
This resulted in a lateral compliance of 3.40 and 0.48 mm/N
for the compliant and stiff state respectively. The transition
from the compliant to the stiff state has therefore reduced the
compliance by a factor of 7. In order to determine the lateral
pull-out force the average resulting force at Xyp;= 0.025m and
Xobj= 0.004m for the compliant and stiff state respectively was
determined. As a result the transition from the compliant to
the stiff state has increased the lateral pull-out force of the
grasper by a factor of 1.9 from 2.36N to 4.48N.

TABLE I
GRASP TYPES FOR EACH OBJECT DISPLACEMENT

Compliant state

Grasp type Xobj[mm]
P1-D1-Palm-P2-D2 0 <z< 45
P1-Palm-P2-D2 45 <zxz< 75
P1-P2-D2 75 <z< 10
P1-P2-D2 (MS) 10 <=z
Stiff state

Grasp type Xobj[mm]
P1-D1-Palm-P2-D2 0 ==z
Palm-P2-D2 0 <z< 4.5
P2-D2 45 <zx< 16
P2-D2 (MS) 16 <=z

IV. DISCUSSION

The results obtained with Matlab and Adams illustrated in
Fig. 8a and 8d show only minor discrepancy as indicated by
the values of the RMSE. It was therefore stated that the Matlab
model was validated. The hysteresis loop that was found in
the results of experiment A shows that the prototype was
strongly subjected to friction. Fig. 8b illustrates that in the
compliant state when the object is moved back to the center
of the palm the resulting force of the object is negative for the
largest part of this movement. This indicates that the actuator
is actually pushing the object back to the center of the palm.
The results of experiment B as shown in Fig. 8c and 8f show
that applying vibrations to the object has reduced the effect of



friction on the measured results. There is still an amount of
friction present indicated by the hysteresis loop. Despite the
error indicated by the RMSE Fig. 8c and 8f illustrate that the
characteristics of the experimental results show resemblance
with the characteristics of the analytical model. It is expected
that the value of the RMSE can be reduced by improving the
mechanical design of the prototype and the experimental setup.

The concept design as presented in this research is able
to discretely adjust its lateral compliance between two states.
This was done to be able to adjust the lateral compliance of
the grasper without the need of an additional actuator. The
bi-stable mechanism was designed in such a way that the
lowest lateral compliance was obtained in the stiff state. In
the case that it is possible to adjust the characteristics of
the bi-stable mechanism it could be possible to obtain any
lateral compliance between the minimum and maximum values
of 0.48mm/N and 3.40mm/N respectively for the stiff state.
Another option is to be able to adjust the preload of the linear
spring of the bi-stable mechanism to adjust the threshold force
of the grasper.

The method of adjusting the rotational stiffness of the
differential to adjust the lateral compliance of the grasper can
be discussed. The main disadvantage of this working principle
is that the grasper is less able to adapt to the shape of the
object in the stiff state compared to the compliant state. In the
stiff state the differential is forced to its symmetric position
which results in a symmetric position of the input links of
the fingers. In the case that the grasper picks up an object
in the compliant state and obtains a stable grasp in which the
differential of the grasper is not in its symmetric position, then
the transition from the compliant to the stiff state will change
the configuration of the grasper until the differential is in its
symmetric position. As a result the phalanx angles and the
contact forces change and a new static equilibrium position
has to be found.

Forcing the differential into its symmetric position could
also have its benefits. Since the exact configuration of the
grasper is unknown once an object has been grasped, it is also
unknown where the object is located with respect to the center
of the palm. For pick and place tasks it is desirable to have a
reference where the object is located to be able to accurately
place the object. By forcing the differential to a symmetric
position, one might be able to have a better reference of the
position of the object with respect to the center of the palm.

The link lengths of the grasper as proposed in this research
were chosen to obtain a self-centering behavior of the grasper
which requires a resulting lateral force in the case of an object
displacement. This was done such that the grasper was able
to transfer from the compliant to the stiff state once a stable
grasp was obtained. However, in the stiff state the antagonistic
couple that is applied to the differential also results in a
self-centering behavior of the grasper. Therefore instead of
changing states once a stable grasp is obtained, the transition
between states can also be done once the fingers enclose the
object and can be used to obtain the self-centering behavior of
the grasper. This way the self-centering feature of the fingers
would be redundant and it might be possible to design the link
lengths of the fingers in such a way that would increase the

level of compliance in the compliant state, or even increase the
stability of the grasper. Also if the transition between states
is done once the fingers have enclosed the object, objects that
would have led to an asymmetric grasp will immediately be
guided to their final position. It would therefore be interesting
to study the dynamic behavior of the grasper to see if these
characteristics can be beneficial.

During this research the closing time of the grasper was not
considered as a design criterion. In practice it is beneficial to
minimize this to increase the capacity of the grasper. Adjusting
the compliance should therefore not increase the closing time
of the grasper. Otherwise the increased allowable acceleration
might only compromise the lower closing time of the grasper.

An advantage of a grasper with adjustable compliance
compared to a grasper with a fixed compliance would be that
the grasper is both self-adaptable and robust. In the case of a
grasper with a fixed compliance a compromise has to be made
between self-adaptability and robustness.

V. CONCLUSION

This research proposed the concept design of an underac-
tuated grasper which is able to adjust its robustness against
external lateral force perturbations. Using a bi-stable mecha-
nism a transition can take place between two types of actuation
of an internal differential mechanism; a point force in the
compliant state which allows free rotation of the differential
and an antagonistic couple in the stiff state which increases the
rotational stiffness of the differential. The compliant and stiff
states respectively result in a high and low lateral compliance
of the grasper. A transition between states takes place once the
actuator force overcomes a certain threshold value. Therefore
the lateral compliance of the grasper can be adjusted without
the need of an additional actuator.

Theoretically this working principle can be used to reduce
the lateral compliance of the grasper to 0 mm/N for external
forces up to a certain threshold value. Experimental results that
were obtained with a prototype showed that a transition from
the compliant to the stiff state decreased the lateral compliance
of the grasper by a factor of 7 from 3.40mm/N to 0.48mm/N.
This transition also increased the lateral pull-out force of the
grasper by a factor of 1.9 from 2.36N to 4.48N.
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Conceptual Design

A-1 Task analysis

In order to set up the requirements the total task of an underactuated grasper was analyzed.
A division was made between three basic tasks: grasp, hold and release the object. During
these tasks the actions that occur and and the desired level of compliance during the task
were determined and will be discussed in the next paragraphs.

Grasp

When the actuator applies a force, this force is distributed between the phalanges and the
grasper starts closing. Both fingers sequentially enclose the object and therefore adapt to its
shape. When the contact forces increase the object is lifted from the ground and the force
distribution between the phalanges causes a change in the configuration of the grasper which
guides the object to the center of the palm. This is only possible if the configuration of the
grasper can easily be changed. Therefore the level of compliance during the grasping action
should be high. In the case that the grasper is stiff the fingers do not enclose the object before
increasing the contact force and as a result the object is pushed away from the moment that
first contact is made. This reduces the chance of obtaining a stable grasp. A high level of
compliance is therefore beneficial when grasping.

Hold

Once the object and the grasper are in static equilibrium with each other a stable grasp is
obtained. This stable grasp should be maintained while the object is moved to its requested
location. When the object is subjected to inertial forces due to accelerations or to other
external force perturbations these forces interfere with the static equilibrium.

When the grasper is compliant these forces will result in reconfiguration of the grasper until a
new equilibrium position is found. An advantage of this reconfiguration is that the magnitude
of the contact forces between the object and the phalanges are only slightly adjusted. However
when the amount of reconfiguration is too high, the grasper could lose contact with the object.
In the case that the grasper is infinitely stiff the external forces do not result in reconfiguration
of the grasper. In this case the contact forces will be changed to counteract the external
forces such that a new static equilibrium is obtained. Whether a compliant or stiff grasper
is desired is strongly dependent of the type of object that is grasped. When dealing with
delicate objects it is desired to reduce the contact forces as much as possible to minimize the
chance of damaging the object. In this case a high level of compliance would be beneficial.
However In this research it is assumed that the contact forces are not an issue and the focus
is put on increasing the robustness of the grasper to resist external perturbations. Therefore
a high stiffness is considered the best while holding an object.

Release
Once the object is at its final position the grasper can release it. If the actuator reduces the
actuation force the contact forces also reduce. In both the compliant and stiff case the fingers

sequentially open and guide the object back onto the ground. Once the grasper is in its open
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position it can move to the next object. During this movement the inertial forces that act
on the fingers of the grasper itself could also result in reconfiguration of the grasper. It is
therefore beneficial to have a stiff grasper when moving it in the open position.

A-2 Requirements

A number of requirements can directly be derived from the task analysis. It showed that the
stiffness of the grasper should increase once a stable grasp is obtained and this high stiffness
should be maintained when holding the object, releasing the object and while the grasper is
moved to the next object. Therefore the grasper should only be compliant during the grasping
action to allow the actuation force to be distributed between all the phalanges and result in
the shape adaption and self-centering feature. The stiffness of the grasper should therefore
be triggered to increase once the grasp is complete and to decrease once the grasping action
begins. Furthermore the increase in stiffness should not interfere with the force distribution
between the phalanges. A change in the force distribution between the phalanges disturbs the
static equilibrium and therefore results in reconfiguration of the grasper. Another requirement
that was set concerned the level of underactuation, which is described as the difference between
the number of degrees of freedom and the number of actuators. Adjustable stiffness should
be implemented while maintaining the level of underactuation or preferably even increase this
level. Furthermore it was desired to obtain a simplistic solution which passively adjusts the
stiffness without the need of extra control.

A-3 Identify locations

By adjusting the stiffness of a few components of the linkage of an underactuated grasper,
the stiffness of the entire grasper can be changed. This chapter shows an analysis that was
done to identify whether the stiffness of the entire grasper could be adjusted by adjusting the
stiffness between one or two pairs of links of each finger.

Fig. A-1 shows a schematic of an underactuated grasper where each link is numbered. All
possible connections between two links of a finger were visualized by drawing lines between
the numbered links. For each of the lines it was determined if the 2 DOF of the finger would
be removed when the relative movement between the two links connected by the line would
be locked. A similar analysis was done where it was determined if the 2 DOF of the finger
would be removed when relative movement between two pairs of linkages would be locked.
The results of these analyses can be found in Table A-1 together with two more analyses. In
total 56 possible solutions were found to adjust the stiffness of a single finger and 2 solutions
were found to adjust the stiffness of the entire grasper by connecting two links of the left and
right finger.
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Figure A-1: Schematic representation of grasper where each link is numbered

Table A-1: Possible combinations of linkages

Schematic Notes Combinations

The finger of an underactuated grasper 1-2 & 4-5

is seen as two four-bar-linkages on top of 1-3 4-6
each other. Fach four bar linkage has one 1-4 4-7
DOF and six possible ways of combining 2-3 5-6
two links: 2-4 5-7
- 4 combinations between adjacent links 3-4 6-7

- 2 combinations between opposing links
By adjusting the stiffness of two pairs of
links, the stiffness of the entire finger can
be adjusted. This results in 6*6=36 pos-
sible ways of adjusting the stiffness.

The stiffness of the entire finger can be ad- 1-5
justed by adjusting the stiffness of the rel- 1-6
ative movement between two links of each  1-7

four bar linkage. 2-5
8 possible solutions were found 2-6
2-7
3-5
3-7
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Schematic Notes Combinations
If the links 3 and 6 are connected, 1-2 & 3-6
the remaining mechanism has 1 free 1-3
DOF. There are 12 ways by con- 1-4
necting adjacent/opposing links of 2-3
the two four-bar linkages in order to  2-4
adjust the stiffness of the remaining 3-4
DOF. 4-5
This results in 12 possible ways of 4-6
adjusting the stiffness of the entire 4-7
finger. 5-6
5-7
6-7
o Adjusting the stiffness of the rela- 5-12
tive movement between two links of 7-14
different fingers can also adjust the
® : :
stiffness of the entire grasper. Two
® solutions were found based on this
@ A .
principle
O—G O—2
o®s )0
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A-4 Morphological overview

A literature study was done on adjustable stiffness actuators to identify working principles
of adjusting the rotational stiffness of a joint. This study can be found in Appendix D. Four
main working principles of adjusting stiffness can be distinguished according to [1]:

e Equilibrium-controlled stiffness (ECS): A fixed stiffness spring is connected in
series with a stiff actuator. By actively changing the equilibrium position of the spring
the output force which relates to the desired stiffness can be controlled.

e Antagonistic controlled stiffness (ACS): Two actuators in series with two nonlinear
springs are coupled antagonistically. Both the output position and stiffness settings are
controlled by the two actuators.

e Structure controlled stiffness (SCS): The stiffness is controlled by changing the
physical structure of a spring by means of changing the effective length.

e Mechanically controlled stiffness (MCS): The stiffness is controlled by changing
the preload or the effective moment arm of a spring, always using the full length of the
spring.

A morphological table was set up containing these four and other working principles that were
found. The table was complemented with methods to trigger the adjustable stiffness mech-
anism and with methods to actuate an underactuated grasper. The morphological overview
can be found in Table A-2. A distinction was made between two ways of adjusting stiffness:
continuous and discrete. Continuously adjusting stiffness meant that the stiffness setting
could vary within a certain range from compliant to stiff, where discretely adjusting stiffness
meant that only two stiffness settings could be obtained: either compliant or stiff.

A number of solutions was found for triggering the mechanism to transfer between the compli-
ant and stiff state. A second actuator can be used to control the stiffness setting. Also contact
forces or angular displacement of joint angles can be used to trigger the mechanism once they
exceed a certain threshold. The overall working principle of concept solutions can be found
by combining elements from the morphological table. These solutions will be discussed in the
next section.

Table A-2: Morphological overview containing solutions to actuate a grasper and to obtain and
trigger adjustable stiffness

Function Solutions
Actuation Pulley-tendon Gears Linkage
Obtain stiffness Continuous Discrete
Adjustable moment arm  Mechanical stop
Effective length Worm gear
Preload Screw-nut
Antagonistic couple One-way-valve
Friction brakes Ratchet
Trigger mechanism | threshold force Link angles Seperate actuator
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A-5 Concept solutions

By combining elements from Table A-2 conceptual solutions were generated on three different
levels: joint, finger and grasper level. In this chapter an overview of the conceptual solutions
for each level is given. For each concept a schematic illustration is given in combination with
additional information concerning the working principle.

A-5-1 Joint level concepts

As mentioned in section A-3 the stiffness of the entire grasper can be changed by changing
the stiffness between pairs of links of the fingers. When changing the stiffness between two
adjacent links, the joint that connects the two links can be used. Therefore a number of
concept solutions for joints with adjustable stiffness was generated.

#1. Friction brakes

One way of increasing the rotational stiffness of a joint is by increasing the friction forces
of the joint. Conventional mechanisms based on friction are drum, disk and band brakes
as illustrated in Fig.A-2. The downside of friction based mechanisms is that they are often
subjected to wear and in most cases there is no equilibrium point to which the mechanism
returns after a perturbation. In the case of implementing friction brakes into a grasper, the
brakes should be idle during the grasping action and should be enabled once the grasp is
complete.
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Figure A-2: Conventional brake types: disk(a), rim (b), band (c) and drum (d) brake
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#2. Magnetic joint

This concept uses the attraction between two electromagnets to

obtain rotational stiffness of the joint. By controlling the current

flowing through the two magnets the attraction between the two

magnets can be controlled, and therefore the rotational stiffness of B

the joint can be controlled. For the implementation of this prin-

ciple in an underactuated finger two magnets should be attached

to the two adjacent links. During the grasp action there should

be no current flowing through the magnets in order to allow the A

joint to rotate freely. Once a stable grasp is obtained, a current

should be applied to the magnets to obtain stiffness. D

#3. Effective length lever

This concept uses the effective length of a cantilever beam to adjust the rotational stiffness
of a joint. The following figure illustrates the concept. The concept consists of an outer ring
that is connected to one link and a cantilever beam that is connected to the adjacent link.
The ring and cantilever beam are connected by a slider with a flexible membrane. In (a)
the two parts are not connected and can freely rotate with respect to each other. Once the
final position is obtained (b) an actuator moves the slider and the membrane connects the
cantilever beam to the outer ring. The position of the slider determines the effective length
of the cantilever beam and thus the rotational stiffness of the joint (c)(d). When an external
torque is applied to the finger the cantilever beam deflects and a rotational stiffness of the
joint can be noticed (e).

(a) (b) (c) (d) (e)
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#4. Buckling of flexible member

This concept uses buckling of a flexible member to obtain stiffness.
The joint consists of three main parts: a ground part (brown), a
link (blue) that is connected to the ground part by rotational
joint A and a flexible member (black) that is attached to the
ground part. When no force is applied to the flexible member it
follows the contour of the ground part and does not make any con-
tact with the blue link. Therefore the blue link can freely rotate
around joint A. When a force is applied to the flexible member as
illustrated, the flexible member starts to buckle and makes con-
tact with the two extensions of the link. In order to rotate the
link the flexible member has to be deformed and because of that
stiffness is added to the joint. However, it is unknown if buckling
occurs in this manner and if it provides enough stiffness to resist
an external torque.
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A-5-2 Finger level concepts

The second level in which concept ideas were generated was the finger level. This section
discusses the working principle of a list of concepts of underactuated fingers with adjustable
stiffness by explaining the closing sequence of the finger. The concepts are named according
to the following format: Concept number / Driving working principle of the finger /mechanism
used to adjust stiffness / mechanism used to trigger mechanism.

#5 / Pully-tendon / mechanical stop, joint / threshold force

This concept makes use of toothed surfaces of the joint that connects
the proximal and the distal phalanx.

e When a force is applied to the tendon the entire finger rotates
around joint A and there is no contact between the object and
the phalanges.

e When the proximal phalanx makes contact with the object, the
preload of the rotational spring in B is overcome and the distal
phalanx rotates around B.

e When the distal phalanx makes contact with the object the d
preload of the linear spring in B is overcome and the toothed A
surfaces of joint B lock.

Note: Joint A has to be locked as well or the tendon force should
prevent rotation around joint A. Joint B also needs some kind of linear
sliding joint

#6. Pully-tendon / mechanical stop, links / threshold force

This concept makes use of a toothed prismatic joint that connects two
links of a finger.

e When tendon is pulled the entire finger rotates around A .

e When the proximal phalanx makes contact with the object the
preload of the linear spring at B is overcome and the distal pha-
lanx rotates around B.

e When the distal phalanx makes contact with the object, the
preload of the linear spring in C is overcome and the links of the
prismatic joint lock.

Note: Joint A still has to be locked. Other locking mechanisms can
be used and different combinations of links can be locked.
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#7. Linkage / non-backdrivable, ratchet / Threshold force

This concept uses a ratchet with a preloaded spring in joint B and a
non-backdrivable actuator that actuates joint A.

e The entire finger rotates around joint A when the non-
backdrivable actuator applies a torque to link AE.

e When the proximal phalanx makes contact with the object, the
preload of the linear spring between the proximal and distal pha-
lanx is overcome and the distal phalanx rotates around joint B.

e When the distal phalanx makes contact with the object, the
preload of the linear spring in the distal phalanx is overcome.
Link AE continues rotating and link DE enables ratchet CD
which locks into the gear mounted on link AB

#8. Linkage / Mechanical stop / Threshold force

This concept uses toothed surfaces in joints A and B which can lock
the joints once they make contact with a secondary link EF.

e The entire finger rotates around joint A when a torque is applied
to link AD.

e When the proximal phalanx makes contact with the object, the
preload of the linear spring at B is overcome and the distal pha-
lanx rotates around B.

e The distal phalanx makes contact and an equilibrium position is
found.

e The hand and object are lifted by pulling bar EF. Due to the
pulling force and the weight of the hand and object the preload
of the spring at E is overcome and the joints A and B lock.

#9. Linkage / Mechanical stop / Phalanx angles, angles between
links

This concept uses a singular position of the transmission linkage to
remove a degree of freedom.

e The entire finger rotates around joint A when an input torque
is applied to link AD at joint D.

e When the proximal phalanx makes contact with the object the c
preload of the linear spring at joint B is overcome and the distal
phalanx starts to rotate around joint B.

e When the distal phalanx makes contact with the object the
preload of the spring at joint D is overcome and joint D starts
to slide over link CD, until a singular position is obtained. A
mechanical stop on link AD prevents the mechanism to rotate F E
any further.

Note: The exact behavior of the slider and the rest of the mechanism
once a mechanical lock is achieved is unknown. Joint A should still be
locked.
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#10. Gear / Non-backdrivable, worm gear / Threshold force

This concept makes use of a force controlled non-backdrivable actua-
tor.

e The entire finger rotates around joint A when a torque is applied
to the gear at joint A.

e When the proximal phalanx makes contact with the object the
preload of the linear spring at joint B is overcome and the distal
phalanx starts to rotate around joint B.

e When the distal phalanx makes contact with the object the ac-
tuator should reach its maximum torque and stall.

Note: A coupled movement of the proximal and distal phalanx is still
possible.

#11. Gear / Non-backdrivable, worm gear / Threshold force

This concept uses a non-backdrivable actuator and a set of gears to
distribute the actuation torque.

e The entire finger rotates around joint A when a torque is applied
to the gear at joint A.

e When the proximal phalanx makes contact with the object, the
preload of the linear spring at joint B is overcome and the distal
phalanx starts to rotate around joint B.

e When the distal phalanx makes contact with the object, the
motor should reach its maximum torque and stall.

Note: A coupled movement of the proximal and distal phalanx is still
possible.

#12. Linkage / Mechanical stop / Threshold force

This concept uses a pin-hole joint in C and toothed surfaces at joints
B and C.

e The entire finger rotates around joint A when an input torque
is applied to link AD.

e When the proximal phalanx makes contact with the object, the
preload of the linear spring that connects the proximal phalanx
and joint C is overcome and the distal phalanx starts to rotate
around joint B.

e When the distal phalanx makes contact with an object the force
exerted by the linear spring to restrict the movent of the pin-hole
joint C is overcome and the joint moves. The linear spring pulls
joint C against joint B to lock the angle of the distal phalanx.

NOTE: It is unsure whether the distal phalanx maintains position
when joint C slides through the slot and if the mechanism can be
unlocked when link AD is rotated clockwise. Also the link lengths,
slot design and placement of the spring have to be chosen precisely in
order to make this concept work.
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#13. Pully-tendon / mechanical stop / threshold force

This concept uses ratchet-like mechanisms in the joints of the proxi-
mal and distal phalanx that lock the joints once a threshold force is
overcome.

e The entire finger rotates around A when tendon is pulled.

e When the proximal phalanx makes contact with the object, the
preload of the linear spring in B is overcome and the distal pha-
lanx rotates around B.

e When the distal phalanx makes contact with the object, the
preload of the linear spring at C is overcome and joint B locks.

e When tendon force increases the preload of the linear spring at
D is overcome and joint A locks.

#14. Linkage / Non-backdrivable / Actuation torque

This concept uses a non-backdrivable ratchet-like mechanism to lock
a joint.

e When a torque is applied to link AD the entire finger rotates
around joint A.

e When the proximal phalanx makes contact with the object, link
CD pushes pawl II up which unlocks the distal phalanx. The
distal phalanx then rotates around joint B.

e When the distal phalanx makes contact with the object the ac-
tuation force should be kept constant.

Note: Joint A still has to be locked which can be done by implementing
a similar mechanism in joint A. In the case that no actuation torque
is applied the finger is infinitely stiff.

#15. Linkage / Mechanical stop / threshold force

This concept uses variable mechanical stops that are actuated when
the phalanges make contact with an object.

e When a torque is applied to link AD the entire finger rotates
around joint A.

e When the proximal phalanx touches the object the preload of
the linear spring between the proximal phalanx and block 1 is
overcome and block 1 rotates around joint A. This causes pawl
I to rotate until it touches the ground.

e The preload of the linear spring connecting the proximal and
distal phalanx is overcome and the distal phalanx rotates around
joint B.

e When the distal phalanx touches the object the preload of the
linear spring between the distal phalanx and block 2 is overcome
and block 2 rotates around joint B. This causes pawl II to rotate
until it touches link AB.
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#16. Linkage / non-backdrivable / Phalanx angles, joint angles

In many cases when the distal phalanx is more than 90 degrees with
reference to the ground a force-closed grasp is obtained. In this case
no force needs to be exerted to the object to maintain a stable grasp as
long as the angles of the phalanges are maintained. The concept uses
the information of the angular rotation of both phalanges to trigger
a non-backdrivable mechanism once the angle of the distal phalanx is
more than 90 degrees with reference to the ground. A possible way to
determine the angle of the distal phalanx is by using a geared mech-
anism which receives an input from both the angles of the proximal
and distal phalanx and has an output which corresponds to the angle
of the distal phalanx with reference to the ground.

Note: No specific non-backdrivable mechanism was chosen.

#17. Gear / Non-backdrivable / none

This concept uses a non-backdrivable actuator and a planetary gear
that distributes the actuation torque.

e When a torque is applied to the sun gear, the entire finger ro-
tates.

e When the proximal phalanx touches the object, the finger stops
rotating and the planet gears start to rotate within the housing
causing the distal phalanx to rotate.

e When the distal phalanx makes contact with the object the ac-
tuator should maintain its constant actuation force.

Note: There is probably still a relative movement possible between
the proximal and distal phalanx.

#18. Linkage / Mechanical stop, joints / Threshold force

This concept uses two toothed joints in A and B.

e When a torque is applied to link DE the entire finger rotates
around joint A.

e When the proximal phalanx touches the object the preload of
the spring at joint B is overcome and the distal phalanx rotates
around joint B.

e When the distal phalanx touches the object a threshold force
should be overcome which causes links DE and CF to rotate
around joint E and F and lock joint A and B respectively.

Note: The exact mechanism to make this concept work still has to be
determined.
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#19. Linkage / Mechanical stop, links / Threshold force

This concept uses a singular position of the transmission linkage to
remove a degree of freedom from the mechanism.

e When a torque is applied to link FG the entire finger rotates
around joint A.

e When the proximal phalanx makes contact with the object the
preload of the linear spring at joint C is overcome and the distal
phalanx rotates around joint C.

e When the distal phalanx makes contact with the object the
preload of the linear spring which connects joint A and the linear
slider B on link AC is overcome and slider B moves towards joint
A until link BE and EF are in line, which locks the joints.

Note: Joint A still has to be locked.

#20. Linkage / non-backdrivable+effective length / separate ac-
tuator

In this concept the distal phalanx is connected to the transmission
linkage via a passive element. The distal phalanx can rotate freely
around joint B and is attached to link BC vie two leaf springs whose
effective length can be controlled by a seperate actuator.

Note: The rotational stiffness of the finger around joint A still has to
be adjusted.

#21. Linkage / non-backdrivable+antagonistic / separate actuator

This concept combines non-backdrivable mechanism with the antag-
onistically working principle. The brown sprocket can freely rotate
around joint B and is connected by 2 nonlinear springs to a slider.
The pretension of the springs can be adjusted by moving the slider
along link AB which controls the rotational stiffness of the sprocket.
The distal phalanx rotates around joint B and is connected to the
sprocket by a non-backdrivable mechanism.

Note: The rotational stiffness of the finger around joint A still has to
be adjusted.

#22. Pulley-tendon / antagonistic couple / threshold force

With this concept the proximal and distal phalanges are connected
by two nonlinear springs in an antagonistic setup. The two springs
of a single joint are not identical, but the left spring has a slightly
higher stiffness. For each joint both springs are connected to a linear
slider. Moving the slider will rotate the phalanges due to the different
stiffness values of the springs. The contact force is determined by the
difference in stiffness of the nonlinear springs. After the phalanges
make contact with the object, the spring force is increased, which
increases the apparent stiffness of the joints.
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#23. Linkage/antagonistic couple / separate actuator

If two links of an underactuated finger could be connected using two
nonlinear springs in an antagonistic setup, the apparent stiffness could
be varied by changing the length of the springs.

Note: Since all the links also have to be able to freely rotate with
reference to each other, it is hard to connect two links directly and
maintain zero resultant torque around the joint.

A-5-3 GrasperLevelConcepts

The third level in which concepts were generated was the grasper level. On this level it is
intended to implement a single mechanism which adjusts the stiffness of the entire grasper in
once.

#24. Linkage / Adjustable moment arm / separate actuator

With this concept the stiffness of the entire grasper is adjusted by adjusting the rotational
stiffness of the differential mechanism. For the individual rotation of both the proximal and
distal phalanx the links of the transmission linkage also rotate. Both transmission linkages are
connected to each other by the differential mechanism. Increasing the rotational stiffness of
the differential mechanism could therefore have an effect on the stiffness of the entire grasper.
With this concept a rotational joint in A connects the differential to a prismatic joint which
can translate along the vertical axis. The differential is also connected to the prismatic joint
via two preloaded compression springs in points B and C. These springs exert a torque around
joint A. The distance between the attachment points B and C and joint A can be varied using
a second actuator. By changing this distance the rotational stiffness of the differential is
adjusted.

However there is still a coupled movement between the proximal and distal phalanx possible
which does not require the differential mechanism to rotate. Therefore this concept does not
adjust the stiffness of all available degrees of freedom.

o
O
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A-6 Concept selection

From the list of concepts a number of promising concepts were selected. Two groups of con-
cepts could be distinguished based on the possible configurations in which the stiffness can
be adjusted. With one group of concepts the stiffness could only be adjusted in a predeter-
mined number of configurations. This group consisted of the concept solutions which used
ratchet-like mechanisms, where the number of teeth of the gears limits the number of possible
configurations. With the other group the stiffness could be adjusted in any configuration. It
was stated that it is desirable if the grasper is able to adjust the stiffness for any configu-
ration. Therefore the ratchet based concepts were declined. Furthermore it was stated that
it is desirable to obtain a high stiffness without using friction forces. Using friction forces
could lead to wear of components which is undesirable. As a result concepts 3, 4 and 24 were
chosen to elaborate more on the design.

(a) (b) (c)

Figure A-3: Schematic representation of the selected concepts 3 (a), 4 (b) and 24 (c).
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A-7 Proof of concept

A-7-1 Concept 3

In order to obtain a rough estimation of the forces and angular deflections that occur when
a torque is applied to concept 3 some calculations were done. The resulting torque on the
flexible member and its angular deflection caused by an external force were estimated. Fig.
A-4 illustrates the dimensions used in the calculation and Fig. A-5 shows the free body
diagram. The values of the parameters used in the calculations can be found in Table A-3.
The required friction force and normal force that is needed to withstand the external force
was calculated using equations A-1 and A-2. The magnitude of the horizontal forces acting on
the cantilever beam was estimated using equations A-3 to A-6. For simplicity it was assumed
that the vertical forces Fay, Fpy, Foy and Fp, were counteracted by the actuator that moves
the slider across the cantilever beam and do not contribute to the deflection of the cantilever

beam.
F(L + R) F)l+ F,R F,l— F,R
_ T B Fg, =2 T2 (AL Fap = 2B (A
F R (A-1) B 5] (A-3) A 51 (A-5)
F, - Fu (A2)  Foe=TFr (A4)  Fop=Fa, (A-6)
o

Where F' represents the external force applied to the phalanx, w the width of the cantilever
beam, [ the effective length of the cantilever beam, R the radius of the joint, L + R the length
of the moment arm of the external force and p represents the static friction coefficient of the
used materials. Using the pseudo rigid body model a rough estimate of the angular deflection
¢ of the cantilever beam was calculated using equation A-7 and A-8.

_ 1BEl (Fps — Fay)l

K - = -
l (A-7) 0 — (A-8)
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Figure A-4: Dimen- X
sions used for calcula-
tion. Figure A-5: Free body diagram of concept solution.
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Table A-3: Parameter values and results

Constants | Parameter Steel Polycarbonate Unit

L 0.06 [m] w  0.0005 0.001 [m]
R 0.04 [m] E 200 2.6 [GPa]

1 0.03 [m] 1 0.8 0.31 [

t 0.01 [m] F, 7.8 20.16 [N]
F 5.00 [N] K 1.56 1.30 [Nm/rad]

o) 0.16 0.19 [rad]
3
1= % v =0.85 Ky = 2.65

Where t represents the thickness, v the characteristic radius and Ky the characteristic stiffness
of the cantilever beam. This set of equations was used to obtain a rough estimate of the force
F), and the thickness ¢ that is required to withstand external force I’ and result in an angular
deflection of approximately 10 degrees. The calculation was done for a steel and polycarbonate
cantilever beam. The results are shown in Table A-3 indicate that for both materials the force
F, which is needed to obtain the required friction force is already quite large for a joint radius
R of 0.04m. Additional to the calculations a proof of concept model was constructed using
Lego for the body and a plastic sheet folded like a harmonica to act as a cantilever beam.
The sliders of the mechanism had to be moved by hand to adjust the effective length of the
cantilever beam. The proof of concept model is illustrated in Fig. A-6.

@ (b)

Figure A-6: Proof of concept model of concept 3 in the idle state (a) where the outer ring
can freely rotate without, in the low stiffness state (b) where the outer ring is connected to the
cantilever beam with a large effective length and high stiffness state (c) where the outer ring is
connected to the cantilever beam with a small effective length.
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The proof of concept model showed that the concept works. In the idle configuration the
outer ring can rotate freely. When the sliders are half way the cantilever beam a connection
is made between the inner mechanism and the outer ring. This connection is maintained
while the slider moves further to the origin of the cantilever beam. It can be noticed that
the stiffness changes while the slider moves along the cantilever beam, however the change
in stiffness is quite low. This could be changed by using another material for the cantilever
beam. A downside of this mechanism is that the inner mechanism and the outer ring could
slip. As mentioned the amount of friction force that is needed to counteract the joint torque
applied by external force F is relatively high. Also the size of a joint is commonly quite small.
The calculations were done with a joint radius of 0.04m which is quite large. This concept
will therefore be very hard to realize on a small scale.
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Concept 4

Concept 4 makes use of buckling of a flexible member. The force that is required to buckle an
element can be calculated, however the force needed to deform an element once it is buckled
is unknown. Therefore no rough calculations were done for this concept, but only a proof of
concept model was made. Lego was used to build a ground frame and a phalanx with two
extended links. A plastic sheet was used as the flexible member. Fig. A-7 illustrates the
three components of the proof of concept model. Fig. A-8a to A-8c illustrates the concept
in the idle state, the state where buckling has occurred and the deflection is small and the
model with a larger deflection respectively.

The proof of concept model showed that the rotational stiffness of the lever can be adjusted.
In the idle state the lever can freely rotate. After buckling has occurred the flexible member
makes contact with the lever which increases its rotational stiffness. However the flexible
member seems to force the joint to an equilibrium position which is found when the buckling
of the flexible member is symmetrical. Friction in the model prevents the joint from reaching
this equilibrium point. Also the force that is needed to buckle the flexible member is quite
large. Once the member buckles, the force needed to maintain the size of the 'buckle’ is
much lower than the buckling force itself. Therefore the actuator will need some force control
algorithm in order to make this concept work. Also it seems that the rotational stiffness of
the joint does not increase significantly when the size of the deflection increases. It was found
that the rotational stiffness of the state illustrated in Fig. A-8c was smaller than the state
illustrated in Fig. A-8b. Again the small size of a joint will result in large forces between the
phalanx and the flexible member. Therefore scaling down this concept could be difficult.

Figure A-7: Lego proof of concept model of concept 4 where illustrating the three components
of the model: the lever with two extensions, ground frame with guiding for the flexible member
and the flexible member itself
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(b)

Figure A-8: Lego proof of concept model illustrating the idle state (a), small buckle state (b)
and large buckle state (c).
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A-7-2 Concept 24

Concept 24 makes use of compression springs with an adjustable moment arm to change the
rotational stiffness of the differential mechanism of the grasper. In order to estimate the
change in rotational stiffness which can be obtained with this method some calculations were
done. Fig. A-9 illustrates a lever which can rotate around joint A. Two compression springs
of length L1 and Lo exert a force to the lever with a moment arm equal to r which results in
a torque around joint A. Length Lg is the free length of the compression springs and angle
« represents the angle of the lever. The rotational stiffness of the lever around joint A was
calculated for different lengths of r. Table A-4 lists the values of the parameters used in
this calculation. Using equations A-9 to A-14 the resulting moment around joint A and the
rotational stiffness were calculated.

Ly=L—-rtana (A-9) Ly =L+ rtana (A-12)

h=F+ k(L() — L) (A—IO) Fr=FP+ k(Lo — L) (A-13)
_ 2 ) 2

My =2Kr*tan o (A-11) oMy _ 2Kr (A-14)
da cos? a

Fig. A-10a and A-10b show the results of the analysis illustrating the resulting torque and
the rotational stiffness of the lever around joint A respectively. The graphs show that the
rotational stiffness of the differential can be adjusted quite well by controlling the moment
arm of the compression springs. The exact value of the rotational stiffness can off course
easily be adjusted by adjusting the parameters of the compression springs.

A proof of concept model was build using Lego. Fig. A-11a and A-11b illustrate the model in
the compliant and stiff configuration respectively. The location of the attachment points of

-
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Figure A-9: Schematic representation of a lever with angle a which can rotate around joint A.
Two compression springs of lengths Ly and Lo apply a moment around joint A with a moment
arm equal to r.
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Stiffness M N [Nm/rad]

Angle o [rad] L Moment arm r [m] Angle o [rad] Moment arm r [m]
(a) (b)

Figure A-10: Resulting torque (a) and rotational stiffness of the lever (b) around joint A for
various lengths of the moment arm r and lever angle o

the springs was adjusted manually. When grasping an object the change in rotational stiffness
of the differential mechanism could be noticed very well when trying to pull the object out of
the grasper in the direction parallel to the palm. When the object was pulled in the direction
perpendicular to the palm no change in stiffness was noticed since the differential does not
rotate. With this concept only a few components were added to a conventional design of
a grasper. Because of this simplistic, yet functional mechanism to adjust the stiffness this
concept was considered to be promising.

Table A-4: Constant values used in calculations

Parameter Value Unit

Lo 006 [m]
Py 0.00 [N]
k 140 [N/m]
L 004 [m]
r 0:0.04 [m]
a  0:04 [rad]
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(b)

Figure A-11: Lego proof of concept model of concept 24 in which the grasper is in the low
stiffness state (a) and the high stiffness state (b).
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A-8 Final concept

Concept 24 was considered the most promising concept. Therefore it was elaborated more
on the design of this concept. The design was changed such that it could be actuated with a
single actuator. One particular concept design is illustrated in Fig. A-12. With this design
the differential of the grasper is connected to a second prismatic joint via four springs. Two
of the springs are the compression springs which are used to adjust the rotational stiffness of
the differential as discussed in section A-7-2. However the moment arm of these springs is
adjusted by rotating the springs instead of translating like in concept 24. The stiffness of the
grasper increases once the actuation force exceeds a certain threshold value. The threshold
value was determined by two additional preloaded tension springs on top of the differential.
Once the actuator force overcomes this threshold value the moment arm of the compression
springs increases.

This concept design proved the potential of actuating the grasper with a single actuator.
However it consisted of a number of drawbacks. The stiffness could not be maintained when
the grasper opened and also in the compliant state the line of force of the two compression
springs did not always intersect the rotational joint of the differential. Also the use of four
springs was considered unnecessary. Therefore the design was adjusted which led eventually
to the concept of which Fig. A-13 illustrates two proof of concept models made out of Lego
and components that were manufactured with a 3d-printer. This concept uses a jack-like
mechanism with a single preloaded tension spring to obtain a bi-stable behavior. The two
stable positions of the bi-stable mechanism result in either a compliant or a stiff state of the
grasper. Fig. A-14 illustrates the grasping sequence of the final concept. The dimensional
design of the concept will be discussed in Appendix B-2.

(b) (c)

Figure A-12: Grasping sequence of a concept solution where the grasper is illustrated in the
opened position (a), closed compliant position (b) and closed stiff position (c). Four springs
connect the differential to the input mechanism.
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Figure A-13: Two additional proof of concept models made out of lego (a) and partially made
out of lego complemented with parts constructed with a 3d printer (b).

(a) (b) (c)

Figure A-14: Grasping sequence of the final concept where the grasper is illustrated in the
opened position (a), closed compliant position (b) and closed stiff position (c).
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Analytical Modeling

B-1 Experiments

A Matlab model was made to analytically determine the static equilibrium position of the
grasper and object for a given object displacement. Two types of experiments were modeled
which resembled a pullout of the object in either the direction perpendicular or parallel to
the palm of the grasper. For each object displacement the configuration of the grasper and
the magnitude of the contact forces were determined. The model was able to switch between
different grasp types in the case that an unstable solution was found. This section elaborates
more on the Matlab model which is used by discussing the main files of the Matlab model and
illustrating the results of a simulation. The Matlab files itself can be found on the data-DVD
which is provided with this thesis.

B-1-1 Matlab files

GrasperModel.m

The file GrasperModel.m is the main file of the model. In this file the value of the constant pa-
rameters describing the grasper and the object is determined. For the grasper the parameters
such as the link lengths, the magnitude of the actuation force and the state of the grasper can
be set. For the object the parameters such as the diameter and the object displacement can
be determined. All parameter values are stored in global data structures which allow other
functions to easily read, add or modify parameter values and it results in a clear overview of
all available parameters.

Another setting that is determined in this file is the type of experiment that has to be mod-
eled. A choice can be made between three types of experiments. The first type of experiment
resembles a single grasp. With this experiment the static equilibrium position of the grasper
is determined based on a given object displacement perpendicular and parallel to the center
of the palm. The other two experiments resemble the situation in which the grasper has
obtained a stable grasp and the object is pulled away from the center of the palm. With
the second type of experiment the object is moved in the direction parallel to the palm. In
this case the configuration of the grasper and the object displacement perpendicular to the
palm in which a static equilibrium position is obtained are determined. With the third type
of experiment the object is moved in the direction perpendicular to the palm. In this case
the configuration of the grasper and the object displacement parallel to the palm in which
a static equilibrium position is obtained are determined. The value of the maximum object
displacement and the number of iterations can be determined in this Matlab file. Executing
this file will result in the full analytical analysis of the selected experiment.

DoExperiment.m

The function DoEzxperiment.m is executed by GrasperModel.m. The main task of this func-
tion is to execute the selected experiment and store the calculated data after each iteration.
For each iteration this file subsequently executes the functions CalculateGrasp.m and Calcu-
lateJointCoordinates.m.
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CalculateGrasp.m

In the function CalculateGrasp.m the nonlinear solver fmincon is used to determine the static
equilibrium position of the grasper and object. For each grasp type the input variables of the
nonlinear solver are determined, the nonlinear solver is executed and the results are stored in
global data structures. The input variables mainly consist of the link angles of the grasper
which can not be calculated using geometric equations. For each grasp type a different set
of input variables was used, minimizing the number of unknown variables. This was done in
order to reduce the calculation time of the solver and to increase the probability of finding
the correct solution.

The file contains a nested function SwitchGrasp which is used to check whether the right grasp
type was used. This is done by analyzing the solution proposed by the solver by checking
whether this solution fulfills a list of criteria. In the case that the solution meets all the
criteria the grasp type is considered correct. In the case that the solution does not meet all
the criteria a new grasp type is suggested based on the criterion that is not fulfilled. An
example of such a criterion is that the magnitude of none of the phalanx contact forces can
be negative. In the case that the solver proposes a solution which contains negative contact
forces a new grasp type is suggested based on the specific phalanx.

CalculateCoordinates.m

This function is used to calculate the joint coordinates of the grasper based on the joint angles
and link lengths.

GrasperEquations.m

The function GrasperEquations.m describes all the loop closure and contact force equations
and is used as the objective function which the nonlinear solver fmincon tries to minimize.
The output value of this function is the sum of the loop closure and force equations that
correspond the the selected grasp type.

PlotGrasper.m

This function provides a graphical representation of the proposed solution. It shows the
configuration of the grasper, the object position and the values of the contact forces of the
phalanges and the resulting force of the object.

PlotData.m

This function gives an overview of the analytical results illustrating the contact forces of the
phalanges and the resulting force of the object for each object displacement.
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B-1-2 Analytical results

Fig. B-1 illustrates the analytical results of a Matlab simulation in which the object undergoes
a displacement parallel to the palm of the grasper. In this particular simulation the total
object displacement of 0.02m is simulated in 80 steps. For each step the contact forces and
resulting force is calculated.
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Figure B-1: Results of an analytical simulation of an object displacement parallel to the palm of
the grasper for both the compliant (a)(b) and stiff (c)(d) state. Figures (a) and (c) illustrate the
contact forces of the phalanges and the palm, where figures (b) and (d) illustrate the resulting
force of the object parallel to the palm of the grasper.
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B-2 Optimization

The dimensional design of the grasper was done in three stages. First the lengths of the
phalanges and the width of the palm were determined, second the dimensions of the links of the
transmission linkage and the seesaw mechanism were determined and third the dimensions of
the bi-stable mechanism were determined. The following sections will discuss the dimensional
design of each stage

Phalanx lengths

Two design parameters were chosen as a basis for the dimensioning of the phalanges. The
maximum radius of the object that had to be grasped in a five point grasp rq;5 was set at
0.060m and the total length of the finger L;,; was set at 0.090m. Equation B-2 as described
in [2] relates the object radius that can be grasped in a five point grasp to the length of the
proximal phalanx L1 and half the width of the palm LO.

Lot = L1+ L2 (B-1)

1
Tobj,5 < 5 (L1 + \/L% — 4Lg + 4LOL1> (B—Q)

According to B-2 the radius rg; 5 is at its maximum when the length of the proximal phalanx
is equal to half the width of the proximal phalanx. Substituting Lo = %Ll into equation B-2
results in:

Tobj,5 = %L1 (1 + \/5) (B-3)

using 75 = 0.060m the length of L; equals 0.05m. As a result the link lenght of the distal
phalanx Ly and half the width of the palm Ly equal 0.04m and 0.025m.

Transmission linkage and seesaw

In order to determine the link lengths of transmission linkage and the differential a genetic
algorithm was used. A total of 9 input variables was used consisting of the lengths and fixed
angles of links of the transmission linkage and the differential. Each variable was restricted
by a lower and upper bound of which the values were chosen in such a way that only feasable
solutions could be obtained.

The objective function that was used consisted of three analytical simulations: the first simula-
tion modeled the grasper in its opened position, the second simulation resembled a horizontal
pullout of the object and the third simulation resembled a vertical pullout of the object. Every
set of input variables proposed by the genetic algorithm was used to subsequently perform
these three simulations for two different object sizes of ry;=0.032m and 74;=0.040m. A list
requirements was set up:

e The relative angles between the input links of the fingers and the coupler links that
connect the differential with the input links were restricted. At all times the values of
b1 — a1 and as — fB2 had to be larger than %77 rad. This was done in order to prevent
singularities.

e The minimal distance between joint A and the palm was set at 0.015m. This was done
in order to take the thickness of the links into account and to reserve some space for
the bi-stable mechanism.
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e The size of the error of the nonlinear solver fmincon which was used to determine the
equilibrium position of the grasper had to be smaller than 0.01mm.

e The magnitude of any contact force had to be equal to or larger than ON.

e The resulting horizontal force of the object had to be opposed to the direction of the
object displacement. This results in a self-centering behavior of the grasper.

e The theoretical moment arm of the contact forces of the phalanges had to be smaller
than the length of the phalanx. Otherwise a non-realistic solution was obtained.

The goal of the objective function was to find a solution which met all of the requirements and
to maximize the vertical pullout force of the grasper. Therefore the parameter which had to
be minimized consisted of two components: the average resulting vertical force of the object
and a penalty factor. The average resulting vertical force of the object was calculated based
on the results of all iterations of the vertical pullout simulation for both object sizes. It was
chosen to use this value because the transition from the compliant to the stiff state has no
effect on the robustness of the grasper in the case that the object undergoes a vertical force
perturbation. The penalty factor indicated whether the grasper met all the requirements.
After each iteration of each simulation it was checked whether the proposed solution met all
of the requirements. In the case that it did not meet all of the requirements the simulations
were aborted and a penalty was given. The solution that was found using this approach was
slightly adjusted to improve the dynamic behavior of the grasper. The final link lenghts of
the grasper are listed in Table B-1

Table B-1: Optimized dimensions of
grasper

Parameter Value Unit

a 0.044 m
b 0.060 m
c 0.040 m
e 0.035 m
f 0.0562 m
g 0.015 m
(i 0.229 rad
Yo 2.200 rad
~ 1.782 rad
Ly 0.025 m
Ly 0.050 m
Ly 0.040 m

Figure B-2: Schematic representation of
the grasper indicating the optimized dimen-
sions
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Bi-stable mechanism

Once the link lengths of the grasper were known the bi-stable mechanism was designed. First
of all the requirements of the mechanism were set. The bi-stable mechanism has two threshold
force values which have to be overcome in order to switch between states. The threshold force
required to switch from the compliant to the stiff state has be lower than the actuation force
of 4N. Therefore this value was set at 3.5N. Another requirement was that the bi-stable
mechanism should prevent the differential from rotating for any external force. Therefore the
mechanism was designed in such a way that the prismatic joint of the differential translates
before the differential starts to rotate. This translation occurs when the actuation force is
counteracted.

Fig. B-3 illustrates a schematic overview of the bi-stable mechanism and the differential of
the grasper. The magnitude of the force F5 which is required to prevent the differential from
rotating is described in eq.B-4 to B-7 using the sum of the moments around joint A:

Z MA =0: F3xl8 sin 91 + nglg COS (91 + FQ)(Z7 sin 91 — ngl7 COS 01 =0 (B—4)

where
FQY :F2 sin(94) (B—5)
FQX :F2 005(94) (B'ﬁ)

Substituting B-5 and B-6 into eq.B-4 gives:

Py — lg(FgX Sin91 + F3Y 00891)
2 l7(SiIl 94 — (91)

(B-7)

where Fsy equals the magnitude of the actuator force Facor and F3x and F3y represent the
maximum horizontal and vertical force that are applied to the differential mechanism as a
result of an object displacement. The value of F3y is equal to the actuator force Facr since
it was stated that the differential will translate vertically which occurs when Fsy exceeds the
value of the actuator force. In the equilibrium position that follows the value of F3y will be
equal to the actuator force. The value of F3x is dependent of the angle of the coupler link
that connects the differential to the input link of the finger. Using Matlab model the values
of Fsx and F3y were found 1.2N and 4N respectively. In order to prevent the rotation of
the differential the sum of the moments around joint V' should be less or equal than ON as
described by eq.B-8:

ZMV < 0: Fyylgcos by + Foxl6sin Oy — Fryls cos by + Fixlgsinfs —2Fglysinfy < 0 (B-8)

where
Fly :F1 sin 93 (B—g)
FlX :—F1 60893 (B—lO)
Fs =Fso + (Is — lso) K (B-11)

substituting B-5, B-6, B-9 and B-10 into B-8 gives:

S Fylgsin(02 + 04) — Filz sin(6 + 63)

F
s 2l4 sin 92

(B-12)
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Figure B-3: Schematic representation of the bi-stable mechanism and the differential, where [;
and 6; indicate the lengths and angles of the links. Fj,.:, Fs and F; represent the actuator force,
spring force and internal forces. Note that the schematic does not represent a complete free body
diagram, the force vectors only indicate the forces that are present in the equations

where Fgg is the spring preload in Newton, lg and lgg are the true and free length of the
spring in meters and K is the spring stiffness in Newton per meter. Note that the spring force
Fg is multiplied with a factor 2 in eq. B-8. This is due to the fact that the spring prevents
a translation of prismatic joint P relative to prismatic joint A via both the left and right
side of the bi-stable mechanism. By multiplying Fig with a factor 2 the effect of the left side
of the bi-stable mechanism can be neglected and the required spring force can be calculated
using the sum of the moments around joint V. The actuator force that is needed to transfer
between the stiff and compliant state can be expressed using the sum of the moments around
joint V' as described in B-8, substituting B-13 into the equation and discarding the effect of
force Fy:

Fiy
Fix =——F7"——< B-13
X tan(m — 63) ( )
—2Fglysin 0y
FlY :l 0, — I3 sin 05 (B_14)
3COS U2 tan(m—63)

The link lengths and the minimum and maximum angles of #» of the bi-stable mechanism
were determined using trial and error. An initial guess was done for all the parameters and
using B-12 and B-14 the required spring force and the corresponding threshold value were
determined. Based on the estimated spring force a suitable spring was selected and used
to calculate the actual spring force using B-12. The parameter values were optimized by
comparing the required spring force with the actual spring force and comparing the desired
threshold with the actual threshold until the requirements were met. An overview of the link
lengths, spring characteristics and threshold torques of the bi-stable mechanism can be found
in Table B-2.
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Table B-2: Specifications of the bi-stable mechanism where Frr sc and Fr cgs indicate the
threshold force required to transfer from the stiff to compliant state and from the compliant to
the stiff state respectively. The angle 65 for both the compliant and stiff state is indicated by

02, ¢ and 05 s respectively.

Link lengths

Spring characteristics

Mechanism characteristics

I
l2
l3
la
ls
lg
Iz

0.025
0.035
0.025
0.018
0.045
0.018
0.065

BEEBEEEBEEZRBE

Fy
Lo
K

1.15
0.0304
120

N
m

N/m

47

Frsc 2.86
Fres 360
boc  -0.70
bos  0.35

N
N
rad
rad
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Experiments

C-1 Prototype

A prototype was built to be able to validate the theoretical results. The final concept was
designed in such a way that it consisted out of links with a constant thickness. This way
it was possible to fabricate all the components using laser cutting. A 3D-CAD model was
drawn in Solidworks which is illustrated in Fig. C-1. A drawing was made in which all the
components of the grasper were drawn side by side. This drawing was used as an input file
for the laser cutting machine. Because of the tolerances of the laser cutting machine and the
fact that the line of the cut is skew, the diameters of the holes of the links were drawn 0.2
mm smaller than the actual size. Therefore each hole had to be drilled afterwards in order to
obtain the desired diameter. In order to be able to connect the links the diameter of the holes
were drilled to size such that a tight or loose fit was obtained, dependent whether the link had
to rotate around an axle or not. The links were connected using brass axles with a diameter
of 4mm. Fig. C-3 and C-4 illustrate the grasper in its compliant and stiff state respectively.
It can be seen that in the compliant state the links of the bi-stable mechanism are pulled
against the mechanical stops by the preloaded spring. The coupler links that connect the
differential with the bi-stable mechanism can freely rotate. In the stiff state it can be seen
that the coupler links are forced in their maximum angle by the preloaded spring and the
actuator force.

Figure C-1: Solidworks drawing of the Figure C-2: Prototype of the final con-
final concept cept
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Figure C-3: Close up of the bi-stable mechanism in its compliant state where the preloaded
spring of the bi-stable mechanism pulls the links against the mechanical stops.

Figure C-4: Close up of the bi-stable mechanism in its stiff state. The coupler links that connect
the bi-stable mechanism with the differential are kept in their maximum angle by the actuator
force and the preloaded spring of the bi-stable mechanism.
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C-2 Measurement setup

A measurement setup was assembled to quantify the robustness of the grasper in compliant
and stiff state. This section will discuss two main parts of the measurement setup concerning
the actuation of the grasper and the object.

C-2-1 Grasper

The ground link of the grasper was rigidly connected to the base plate of the measurement
setup using M4 threaded rods and acrylic spacers. The upper prismatic joint of the bi-stable
mechanism was connected to a prismatic joint using two M3 threaded rods and acrylic spacers.
In order to actuate the grasper a constant force had to be applied coaxial to the joints. Since
the bi-stable mechanism of the grasper was designed for a constant actuation force of 4N
a constant weight of 400 grams was used to actuate the grasper. The actuation force was
aligned with the prismatic joints of the bi-stable mechanism by connecting the weight to the
actuator via a rope and pulley to the prismatic joints. In order to reduce the friction of the
prismatic joints of the grasper ball bearings were implemented in the design. Fig. C-5 and
C-6 illustrate in more detail how the grasper is connected to the base plate and how it is
actuated.

Figure C-5: Overview of the grasper mounted on the base plate
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Figure C-6: Close up of the connection between the prismatic joints
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C-2-2 Object

A cylindrical object was made by stacking three acrylic discs with a diameter of 35mm on
top of each other and mounting it onto an aluminium frame. The frame was connected to a
central axle using ball bearings. This allowed a smooth rotation of the object. The object
was fixed onto a planar joint which was created by mounting two prismatic joints on top
of each other. This planar joint was rigidly fixed to the base plate. During the experiment
the resulting force of the object parallel to the palm had to be measured, therefore a linear
actuator with a load cell was aligned parallel to the palm and mounted onto the base plate.
The actuator was connected via the load cell to the planar joint using a threaded rod. In this
configuration the position of the object parallel to the palm was controlled by the actuator,
while the object could freely translate in the direction perpendicular to the palm. Because
the object could freely translate in the direction perpendicular to the palm the resulting force
of the object parallel to the palm was not always aligned with the actuator which results in an
additional torque. It was assumed that this torque was counteracted by the prismatic joints
and that it did not influence the force value measured by the load cell. A rotational actuator
with an eccentric load was mounted on top of the object. This actuator was used to induce
vibrations to the joints of the grasper once it had grasped the object. These vibrations were
used to overcome static friction present in the joints of the grasper. Fig. C-7 to C-9 illustrate
an overview of the object and the linear actuator and provide a more detailed image of the
object, the rotational actuator and the planar joint.

Figure C-7: Overview of the setup used to obtain a predefined object displacement and to
measure the resulting force of the object parallel to the palm, illustrating the rotational actuator
with eccentric load (A), the cylindrical object (B), the two prismatic joints which form a planar
joint (C), the load cell (D) and the linear actuator (E).
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Figure C-9: Close up of the planar joint on which the object is mounted.
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C-2-3 Control

Fig. C-10 illustrates the used hardware of the experimental setup. A desktop pc was con-
nected to a National Instruments usb data acquisition module and to the controller of the
linear actuator. The data acquisition module was connected to the power source of the ro-
tational actuator and to the data amplifier of the load cell. A Labview program was used
to execute the experiments. The Labview program was able to control the displacement of
the linear actuator, to control the voltage of the rotational actuator that was attached to the
object, to display a real time graphical representation of the force measured by the load cell
and to store experimental data. The used Labview program can be found on the data-DVD
which is provided with this thesis.

>

LT 2 ok
RIS, A bl

Figure C-10: Overview of the measurement setup illustrating the power source of the rotational
actuator (A), the power source of the load cell (B), the data amplifier of the load cell (C), the
linear actuator (D) and the controller of the linear actuator (E).
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Abstract

A variable stiffness actuator (VSA) is able to adjust its output position and apparent output stiffness
independent of each other. Numerous actuator designs based on different working principles have been
proposed in literature but no comprehensive performance comparison between designs has been done.
Generalized data sheets are not widely used and can be improved. The limited number of performance
indicators that are available and the absence in literature of the required measurement data to use these
indicators are factors that contribute to the absence of wide spread performance comparison of VSA
designs. We introduce the adjustment space ratio (ASR) and the linear regression coefficient (R?) as
two performance indicators of a VSA design. These indicators make use of data that is extracted from
the torque-angular deflection graph, experimental data that is commonly published in literature. These
indicators are used to quantify the performance of 19 actuator designs, showing differences between
individual designs, but do not indicate clear differences between classes of designs classified by their
working principle. By defining two performance indicators this research contributes to the ability of a
large scale performance comparison of VSA designs.

Keywords: Variable stiffness actuators, passive compliance, performance comparison

1. Introduction performance indicators described in literature:

A variable stiffness actuator (VSA) is able to Actuator energy consumption [3]: By deriv-

control its output position and output stiffness in- ing the set of equations that analytically de-
dependent of each other. This means that both the scribe the energy consumption of the actuator,
output position and the effect that external forces the theoretical energy consumption can be esti-
have on the output position can be controlled. In mated using simulation.

the past years a large number of VSA designs have e Performance envelope volume (PEV) [4]: In the
been proposed in literature and the question arises torque-angular velocity-stiffness plot PEV is the
which of these VSA designs has the best perfor- total volume of all the possible torque- angular
mance. VSA designs have been compared on a velocity-stiffness relations that the actuator can
large scale by discussing the differences in work- obtain.

ing principle [1] [2], but in order to quantify and ~ ® feal working volume fitting (RWVF) [5]: In the
compare the performance between VSA designs torque-angular velocity-stiffness plot RWVF is
a set of indicators is required. Other than the defined as the ratio between the volume of the
indicators that describe the design criteria such as torque-angular velocity-stiffness relations that
the allowable torque, angular deflection range and is used by the VSA during operation and the
stiffness range, which are strongly dependent on volume of the PEV.

the application, there is only a small number of ~ ® Stiffness velocity [5]: The stiffness velocity is
defined as the time which is needed to change
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the stiffness from the minimum to the maximum
stiffness setting.

e FEnergy consumption to change stiffness [6]: Us-
ing a port based analysis the amount of energy
needed to change the stiffness setting of a VSA
can be defined.

Some of these indicators have been used to com-
pare the performance of a small number of VSA
designs [3] [6], but no large scale performance com-
parison has been done. We believe that one of the
reasons for this is caused by the absence of a gen-
eral set of performance indicators for the objective
performance quantification of VSA designs. Also
experimental data of VSA designs as published
in literature is often not sufficient to determine
the value of the available performance indicators.
A generalized data sheet [7] is composed and a
template is available for use, but not all designers
make use of this template when introducing a new
VSA design. Besides, the template contains only
a few indicators that quantify the performance of
the VSA design independent of the design criteria.
It is therefore difficult to conduct a large scale
performance comparison between available VSA
designs to see if a single design or group of designs
has a better performance than others. If for ev-
ery VSA design a generalized set of performance
indicators is used, it is much easier to compare
the performance between VSA designs on a large
scale.

This paper proposes two generic performance
indicators to enable large scale performance quan-
tification of VSA designs. These indicators are
extracted from the torque-angular deflection curve,
experimental data which is commonly published
in literature. These indicators will be used to
quantify the performance of 19 actuator designs
to identify if a single design or group of designs
classified by their working principle has a better
performance than other designs. The performance
quantification is based on data extracted from
images of the torque-angular deflection graph as
found in literature.

The paper is structured as follows. In section 2
the desired characteristics of a VSA, the derivation
of two performance indicators and the method used
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to quantify and compare the performance of the
VSA designs is discussed. Section 3 shows the
results of the analysis which will be discussed in
section 4. Conclusions are drawn in section 5.

2. Methods

2.1. Derivation of performance indicators

For the derivation of performance indicators
it had to be determined what property of a VSA
was suitable for the quantification of the perfor-
mance. Because the main goal of this research is
to compare the performance between VSA designs
on a large scale, experimental data concerning
this property should be available for a large num-
ber of designs. A literature study was done to
make an inventory of the available VSA designs
and for all designs that were found the type of
experimental data that was published in literature
was compared. As a result it turned out that the
torque-angular deflection graph of the VSA was
most often included in the research papers. This
graph describes the passive deflection angle as a re-
sult of an external torque for the different stiffness
settings of the VSA.

The next step of the derivation of a perfor-
mance indicator was to determine what torque-
angular deflection behavior is desired for VSA
designs. According to [8] the desired behavior of
a VSA consists of two main characteristics:

1. A wide range of the apparent output stiffness,
provided by a nonlinear relation between the ap-
parent output stiffness and a control parameter
.

. A constant apparent output stiffness through-
out the range of angular deflection while the
parameter « is kept constant.

The first characteristic is desirable because hav-
ing a wide range of output stiffness increases the
versatility of the VSA. If the actuator can ob-
tain many different characteristics the actuator
can be applicable for a wide range of tasks. The
nonlinear relation between the stiffness and the
control parameter « allows the actuator to have
a large variation in stiffness settings for a small
variation of the parameter ov. However the authors
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Figure 1: Two desired characteristics of a VSA: a wide range in the apparent output stiffness for different values of «
(a) and a constant apparent output stiffness for various deflection angles when the parameter « is kept constant (b).
The expression of these characteristics in the torque-angular deflection graph is illustrated in (c¢). The minimum and

maximum stiffness setting are denoted by 1 and n.

believe that the wide range in output stiffness is
mainly desired, independently of the type of rela-
tion between the stiffness setting and the control
parameter o because this relation can be depen-
dent of the application. The second characteristic
is desirable because having a constant stiffness
value for each setting of contributes to the sim-
plicity of the control algorithm. Figure 1a and 1b
show a graphical representation of these desired
characteristics.

The extent to which the VSA design meets
these desired characteristics can be found in the
torque-angular deflection graph. The overall rea-
son to have a wide range in apparent output stiff-
ness is to obtain different torque-angular deflection
relations. Therefore the number of the available
torque-angular deflection relations within the lim-
iting characteristics of the design can be used as a
measure to quantify the range of apparent output
stiffness.

In the torque-angular deflection graph a con-
stant stiffness is expressed as a linear relation
between the applied torque and the resulting an-
gular deflection. Therefore a method to quantify
if the relation between the apparent output stiff-
ness and the angular deflection is constant is by
determining to what extend there exists a linear
relation between the applied torque and the result-
ing angular deflection. Figure 1c illustrates the
representation of the desired characteristics in the
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torque-angular deflection curve. Two indicators
have been defined to quantify the performance of
a VSA by analyzing to what extent the design
meets the desired characteristics:

e Adjustment Space Ratio (ASR)
e Linear regression coefficient (R?)

2.1.1. Adjustment Space Ratio

The ASR is used to quantify the number of
the available torque-angular deflection relations
within the limiting characteristics of the design.
The adjustment space of a VSA is considered as
all the torque-angular deflection relations within
the range of a VSA and is defined as the bounded
surface area between three functions:

T (0a,) for Oa, : [0 00417771@1'] (1)
T (0,,) for o, & [0 ammaz] (2)
T (eai,maz) fOT’ eai,ma:p . [eal,max an,maw] (3)

These three functions describe the relation between
the torque T and (1) the angular deflection at the
minimum stiffness setting 6,,, (2) the angular de-
flection at the maximum stiffness setting 0, and
(3) the maximum deflection angle for all of the
stiffness settings 0, mas as illustrated in Figure 2a.
With this definition it is assumed any stiffness set-
ting between the minimum and maximum setting
can be obtained.
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Figure 2: Graphic representation of the adjustment space (a) and the surface area bounded by the extreme values (b).

The ASR is defined as the ratio between the
surface area of the adjustment space and the sur-
face area of the box bounded by the origin of the
torque-deflection curve, the maximum deflection
angle 0,,,, and the maximum applied torque 7.,
as shown in Figure 2. This results in an indicator
that is normalized with reference to the maximum
deflection angle and maximum torque.

According to the desired characteristics shown
in Figure 1a and 1b all of the stiffness values should
be available for all deflection angles. Theoretically,
in the case of constant stiffness, the VSA should
be able to resist an infinite amount of torque in
order to obtain infinite stiffness at the maximum
deflection angle. The maximum value of the ASR
would then be 0.5. However when this desired
torque-angular deflection characteristic is bounded
by the maximum allowable torque 7,4, of the VSA,
the maximum value of the ASR will approach
1. Because the stiffness is adjusted to obtain a
certain torque-angular deflection relation and a
value of 1 indicates that all the torque-angular
deflection relations within the range of the VSA
can be achieved. The ASR can therefore be used
to quantify the first characteristic.

2.1.2. Linear regression coefficient

A commonly used measure to quantify the lin-
earity of a dataset is by applying a linear regression
analysis. Using a least squares error method a lin-
ear function is found that fits the data the best.
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(b)

An indicator that is used to express the overall
quality of this fit is the linear regression coefficient
R?, which is defined as:

R2—1_ Zﬁilj\[fyi - (52@)]2
Zi:1 [yi — 7]

Y

Where N equals the total number of data points, y;
equals the value of the applied torque of datapoint
i, fi1(x;) equals the value of the torque of data-
point ¢ corresponding to the linear fit and finally 7
equals the mean value of the applied torque of the
dataset. The value R? is dimensionless and varies
between 0 and 1. It equals the value 1 when the
dataset exactly matches the linear fit. It is there-
fore suitable for quantifying the second desired
characteristic.

(4)

2.2. Performance quantification

In order to obtain the data for the performance
quantification for each VSA design the image of
the torque-angular deflection graph was taken from
literature and analyzed using Adobe Photoshop
and Matlab. The exact methods for the calculation
of the values of the indicators are now discussed.

2.2.1. Adjustment space ratio

For the analysis of the AS R the torque-angular
deflection graph of each VSA was copied from the
article and opened in Adobe Photoshop. A mask
was manually drawn covering the entire adjust-
ment space where the values of T (04, jmaex) Were
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Figure 3: The torque-angular deflection characteristics of a VSA design as presented in literature [13] (a), the same
characteristic covered by a mask which indicate the adjustment space and the extreme values used to calculate the ASR
(b) and the same characteristic with the results of an indirect linear regression analysis (c).

linearly connected. If the data points were given,
a mask was drawn by connecting all the data
points. When no data points were given, a mask
was drawn connecting the fitted curves. All of the
pixels within this mask were colored black.

Two lines were drawn to indicate the absolute
maximum value of both the torque and the deflec-
tion angle. The area within the axes frame and
the two drawn lines was then saved, resulting in a
binary image. A Matlab algorithm was used to cal-
culate the ASR by calculating the ratio between
the number of black pixels and the total amount
of pixels of the image. Figure 3a shows the torque-
deflection curve of a VSA design [9] and Figure 3b
shows the same curve after the analysis where the
adjustment space is covered by a mask and the
boundaries of the extreme values are represented
by two lines. As validation experiment the method
used for the calculation of the ASR was applied
ten times for a single actuator design.

2.2.2. Linear regression coefficient

For the linear regression analysis a Matlab al-
gorithm was used to analyze the torque-angular
deflection graph of all designs. In the case that
the torque-angular deflection graph showed the ac-
tual data points these points of the characteristic
corresponding to a fixed value of @ were manu-
ally selected to obtain the coordinates. A linear
regression analysis was then applied using the co-
ordinates (direct regression analysis). This proce-
dure was done for all of the curves corresponding
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to different settings of a in the torque-deflection
graph. When the graph did not show data points
but only a curve fit, 25 points along the full length
of the curve were manually selected in which it
was attempted to spread the points evenly along
the curve. These coordinates were then used in
the linear regression analysis (indirect regression).
Figure 3c shows the result of an indirect regression
analysis of a torque-angular deflection curve for
each stiffness setting. It was decided to use 25
data points based on an analysis where the linear
regression coefficient of a third order polynomial
was calculated for a number of data points increas-
ing from 2 to 150. This analysis showed that the
value of R? that was obtained when 25 data points
were used was within 0.2% of the value obtained
with 150 data points. Note that with the indirect
regression analysis the outliers of the measurement
data could have already been removed by a curve
fit. Therefore the calculated value of R? could
be higher using this analysis compared to the ac-
tual value. In order to obtain insight in the size
of the error introduced by the analysis methods,
the repeatability and validity of the methods were
tested. The repeatability of the direct and indirect
regression method was tested by analyzing a sin-
gle graph of both regression methods for 15 times.
As validation of the method a direct regression
was applied on the torque-deflection graphs of two
VSA designs [10] and [11] which showed the result
of a linear regression analysis which was applied
by their author.



2.8. Performance comparison

For each VSA design the values of the two indi-
cators were calculated to quantify the performance.
In order to determine if there is a difference in per-
formance between VSA designs that are based on
different working principles, all designs were clas-
sified according to the classification as defined in
[1]. This classification distinguishes four working
principles:

o Equilibrium-controlled stiffness (ECS): A fixed
stiffness spring is connected in series with a stiff
actuator. By actively changing the equilibrium
position of the spring the output force which
relates to the desired stiffness can be controlled.
Antagonistic controlled stiffness (ACS): Two
actuators in series with two nonlinear springs
are coupled antagonistically. Both the output
position and stiffness settings are controlled by
the two actuators.

Structure controlled stiffness (SCS): The stiff-
ness is controlled by changing the physical struc-
ture of a spring by means of changing the effec-
tive length.

Mechanically controlled stiffness (MCS): The
stiffness is controlled by changing the preload
or the effective moment arm of a spring, always
using the full length of the spring.

The overall performance of a class of designs was
determined by calculating the mean values of the
ASR and R? of all the VSA designs within a
class. For each VSA design a data sheet was
made including images showing design details, the
torque-deflection graph that was used for anal-
ysis and data concerning the maximum torque,
angular deflection and stiffness. It was also stated
whether the full range of the torque-angular deflec-
tion graph was shown. This was done because it is
most likely that the values of the ASR and R? are
different when only a section of the torque-angular
deflection graph is used for the calculation. No
corrections were done to compensate for this, since
the remaining part of the graph is unknown.

3. Results

The literature study resulted in 25 scientific
articles in which a new VSA design was proposed.
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For 19 out of the 25 designs the torque-angular
deflection graph for different stiffness settings was
given in literature. Table 1 shows the values of the
ASR and R? of the each of the 19 VSA designs.
Figure 4 illustrates the values of the ASR and R*
for each design classified by their working principle.
The majority of the designs was based on the
MCS working principle, while none of the designs
mentioned in Table 1 were based on the ECS
working principle. Two VSA designs that stand
out based on the values of the ASR alone are
the VSA-HD [4] and AwAS II [12]. For both
designs the ASR has a value close to 1, which
indicates a good performance. However there is
a large difference in value of R? between the two
designs. Figure 5a and 5b illustrate the torque-
angular deflection curves of the AwAS IT and VSA-
HD respectively. It shows that the torque-angular
deflection characteristic for each stiffness setting of
AwAS II is close to linear while the characteristics
of the VSA-HD is highly nonlinear. Overall most

ACS ECS

R?[-]

MCS

ACS

ECS
(b)

Figure 4: Overview of the values of the ASR (a) and R?
(b) of all VSA designs classified by their working principle.
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Table 1: For every variable stiffness actuator design the working principle W P, the value of the ASR and the minimum,

maximum and mean value of the R? is given.

Design WP | ASR [-] R* [-]

Min | Max | Mean
VSA-HD [4] | MCS 0.970 | 0.643 | 0.867 | 0.747
VSA-Cube [13] | ACS 0.355 | 0.954 | 0.993 | 0.975
VSJ [14] | SCS 0.470 | 0.976 | 0.993 | 0.986
VSJ 9] | SCS 0.563 | 0.964 | 0.989 | 0.978
DLR QA-joint 2] | MCS 0.683 | 0.885 | 0.999 | 0.954
AwAS [15] | MCS 0.436 | 0.975 | 0.993 | 0.982
AwAS 11 [12] | MCS 0.982 | 0.965 | 0.999 | 0.986
MP-joint [16] | MCS 0.254 | 0.990 | 0.999 | 0.997
HDAU 8] | MCS 0.548 | 0.968 | 0.999 | 0.993
VSA [10] | ACS 0.331 | 0.985 | 0.997 | 0.994
MIA [17] | SCS 0.419 | 0.992 | 0.999 | 0.995
MESTRAN [11] | MCS 0.494 | 0.943 | 0.990 | 0.976
VSA-II [18] | MCS 0.598 | 0.974 | 0.988 | 0.981
VSA [19] | SCS 0.467 | 0.989 | 0.999 | 0.994
MACCEPA 1.0 [20] | MCS 0.427 | 0.993 | 0.999 | 0.995
MACCEPA 2.0 [21] | MCS 0.430 | 0.801 | 0.969 | 0.921
ADEA [22] | SCS 0.426 | 0.998 | 0.999 | 0.999
VS-joint [23] | MCS 0.207 | 0.776 | 0.901 | 0.846
DLR FSJ [24] | MCS 0.527 | 0.900 | 0.988 | 0.948

VSA designs have a high value of R?. Based on
the two indicators it can be stated that AwAS
IT has the best performance of the VSA designs

analyzed in this research.

Table 2 illustrates the mean values and stan-
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dard deviations of the ASR and mean R? for each
of the working principles. It shows that on average
the VSA designs of the MCS type have the highest
value of the ASR and the all designs of the SCS
have a close to linear torque-angular displacement



Table 2: The mean values and standard deviation o of
the ASR and mean R? for each class, where n denotes the
number of mechanisms of each class

Type (n) ASR Mean R?
Mean o Mean o
MCS (12) | 0.546 | 0.240 | 0.944 | 0.075
ACS (2) | 0.343 | 0.017 | 0.985 | 0.013
SCS (5) | 0.469 | 0.057 | 0.990 | 0.008
ECS (0) - - - -

characteristic. As a result of the repeatability ex-
periments of the regression analysis the standard
deviations were 1.72e-4 and 7.6e-3 for the direct
and indirect regression analysis respectively. The
repeatability experiment of the ASR resulted in a
standard deviation of 8.42e-4. For the validation
experiment the calculated value of R? was com-
pared with the given value of R? resulting in two
values of the root mean square error of 0.008 and
0.002.

Only for six designs it was stated in literature
that the torque-angular deflection graph showed
the curves of all the stiffness settings up to the
maximum values of the torque and angular de-
flection, thus the entire adjustment space. In five
cases it was stated that it did not show the entire
adjustment space and for the other eight designs
it was unknown.

4. Discussion

Table 1 and Figure 4 indicate differences in per-
formance between individual VSA designs based
on the values of the ASR and R? alone. The clas-
sification of the VSA designs according to their
working principles did not result in clear differ-
ences in performance based on the values of the
ASR and R? alone. Although Table 2 shows that
the ACS type of joints have the lowest value of the
ASR, and the MCS type of joints have the lowest
value of R?, the number of mechanisms in each
class is not sufficient to draw clear conclusions.
Also Figure 4 shows that within the MCS class
the performance varies much between individual
VSA designs. In order to investigate if there is
a difference in performance between the classes
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of the used designs, more performance indicators
should be used.

The fact that none of the designs used in this
research was based on the ECS principle can be
explained, because with the ECS working prin-
ciple the VSA actively controls the position and
stiffness settings simultaneously. As a result there
are no passive torque-angular displacement curves
for each stiffness setting.

Table 1 shows that the largest part of the VSA
designs have a value of the ASR between 0.4 and
0.6. The low torque-high deflection region is often
not within the range of the VSA. One of the rea-
sons for that could be that not all torque-angular
deflection relations are desirable during operation,
but only a certain region of interest is wanted. In
the low torque-high deflection region small exter-
nal forces will result in large deflections, which in
many cases is undesirable behavior. It is likely
that in many applications the VSA does not have
to be able to achieve this torque-angular deflection
relation. In this case the designer is not encour-
aged to design a VSA with a larger adjustment
space than necessary. However, for safe human-
robot interaction, this low stiffness setting could
be desirable. Therefore we believe that the ASR
as being a measure of the available operating range
within the maximum allowable torque and angular
deflection is a suitable indicator in order to express
the versatility of a VSA.

The method of calculation of the ASR as ap-
plied in this research can be discussed. For the
calculation of the adjustment space the extreme
values of the torque-angular deflection characteris-
tic for each stiffness setting were linearly connected.
It is most likely that in practice this is not the
case, but since the exact behavior is unknown,
this assumption was used. The assumption that
any stiffness setting between the minimum and
maximum setting is possible and the resulting
characteristics cover the entire adjustment space
can also be questioned.

The use of the linear regression coefficient R? to
express the linearity of the torque-angular deflec-
tion characteristic as applied in this paper can be
discussed. As Table 1 shows, 14 out of 19 designs
have a mean value of R? above 0.97. This indi-



cates that either these designs have a close to lin-
ear torque-angular deflection characteristic, or that
the indicator R? is not sensitive enough to show the
differences. The torque-angular-deflection charac-
teristics of most designs do show a close to linear
characteristic, however in the case of the VSA -HD
the nonlinear torque-angular deflection character-
istics that can be seen in Figure 5 scores a mean
value of 0.747 for R?. This shows that although
the value of R? can vary between 0 and 1, only a
value close to 1 indicates that the torque-angular
deflection characteristic is close to linear. During
this research it was also investigated if the value
of the root mean square error (RMSE) of a nor-
malized torque-angular deflection characteristic
could be used to either express the linearity of
the characteristic or ratify the value of R?, but
due to inaccuracies in the transformations from
pixels to a normalized dimensionless value using
the maximal allowable torque this method was
not used. However we believe that the value of
the normalized RMSE is a suitable indicator to
ratify the value of R? if it can be calculated ac-
curately using real measurement data. Because
the linear regression coefficient R? is a commonly
used indicator to express the linearity of a data
set, we believe that this indicator is suitable for
quantifying the desired characteristic of having a
constant stiffness throughout the range of angular
deflection while the parameter is kept constant.

As for the method that is applied to calculate
the value of R? in this research, the manual selec-
tion of data points introduces errors. As discussed
earlier, due to the low sensitivity of R2, errors
could have a large effect on the results. However,
based on the standard deviations of the repeatabil-
ity experiments that do not indicate the presence
of large errors we state that the results obtained
in this research represent a good approximation
of the linearity of the torque-angular deflection
characteristics of the VSA designs.

Because the data used for the performance

quantification was extracted from the torque-angular

deflection graphs as presented in literature and
only for six designs it was stated that the whole
graph was shown, the values of ASR and R? can
differ from the actual values based on the whole

graph. Although this is the case we believe that
for each VSA design the region of interest of the
torque-angular displacement graph is shown.

5. Conclusion

This paper has introduced two indicators for
the objective performance quantification of VSA
designs, the Adjustment Space Ratio ASRand the
linear regression coefficient R2. The results were
presented of a performance comparison between
19 variable stiffness actuator designs based on
these indicators alone. Differences in performance
between individual designs were found, but did not
indicate clear differences between groups of designs,
classified by their working principle. In order to
determine if there is a difference in performance
between VSA designs classified by their working
principle a larger set of performance indicators is
required for the analysis.

Although the VSA designs used in this research
are diverse, most of them are constructed using
the same elements, namely a linear spring and
a mechanism to introduce nonlinearities. It is
interesting to see the different characteristics that
result from the different configurations of those
elements. In conclusion we would like to state
that comprehensive performance quantification of
VSA designs will benefit from a standardized data
sheet with performance indicators to describe the
behavior of a VSA design.
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Catalano [4] VSA-HD

WORKING PRINCIPLE | DESIGN

Fig. 9. Working principle of the non-linar spring used in the VSA-HD.

Angle q is the interface between the non-linear elasticity and other sy stem
components. A linear spring is connected to the 4-bar linkages and excited
by the angle /3. The non-linearity comes from the varation in speed ratio
between the cranks Li and A2, ranging from a finite value to O (4-bars
fully opened), thus giving rise to a stiffness ranging up to infinity.

Quantity

Torque [N -m] Max 14 | x10°
100
Angular deflection | [rad] Max 1 "
E
Stiffness [N-m/rad] | Min 0| "
Max 8000 | &
" -50
ASR [—] 0.970
-100
R [_] Min 0.643 Deformation [rad]
Max 0.867
Mean 0.747 ASR
Working principle MCS b
50
3
E
2 0
°
-50
| | -100
-1 -0.5 0 0.5 1
Deformation [rad]
LINEARITY
Datapoints No  x10°
100
Full range Torque Unknown
Angular deflection Unknown | _ . 50
Stiffness settings Yes | 2
@ 0 0
" 05 -50
-100
-11
Deformation [rad]
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WORKING PRINCIPLE | DESIGN
i .__-_I- -
x - 4 N
' g, P
(a) (b
Fig. 7. Scheme of the stiffness regulation mechanical principle, (a), and
stiffness characteristic of the Cube VS mechanism, (&). Symbols in panel
(a) represent: i the distance between centres of the pulleys; [ distance
between free end of the spring and point in which the tendon is tangent to
the pulley; r radius of the pulley; 5 the angle berween i and I; h the distance
between fixed end of the spring and i; = the length of the spring; f.s the
angular position of output shaft: & is the spring elastic constant. Different
lines on panel (b) correspond to different values of the elastic constant of
the springs, the red line matches the value of the springs adopted in the
prototype.
Quantity Unit Value TORQUE - ANGULAR DEFLECTION
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Choi [14] VSJ

WORKING PRINCIPLE DESIGN
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=y
T 7
W/ Lead screw VSU M
A .\-_.. ,-_'.'.:-".'-' _--l':;L"'--. -'!,\\ Sla\[or ‘ é o Olor
/ ?;; - l-\.-” .'Ilr"f \\\{\\:\ ', |
Sy A 7
— _J'I '--l.' i '..I \ II — _|
il -\._A‘ I_/"II/_-CA:_\_-_\_\"‘:.':"-__II
SN - ]
' e, /k' 4
gl NS,/
A
— ]

Fig. 1. Two concentric ring composed of magnets. Two adjacent magnets
are magnetized in the opposite direction. Gray parts between the magnets
are spacers, which are not magnetized. Aq is displacement from the neutral
position. T is the torque generated by the magnets.

Quantity
Torque [N -m] Max 18
Angular deflection | [rad] Max 0.35 ;
Stiffness [N -m/rad] | Min 4.08
Max 49.4 i1/
ASR -] 7
R2 [—] Min ) S : :
Max ' S S B
Mean ASR
Working principle SCS
LINEARITY
Datapoints No
Full range Torque Unknown
Angular deflection Yes
Stiffness settings Unknown
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Choi [9] VSJ

_?._-__‘_\' [ $ | l
D

AXis Roller

Spring

Fig. 5. Schematic of ith leaf spring with rollers. When the rollers slide on
the leaf spring, the effective length of the spring changes, which is the distance
between the axis and the rollers. Change of the effective length of the spring
results in changing stiffness.

Quantity
Torque [N -m] Max 30

Angular deflection | [rad] Max 0.19
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Eiberger [2] DLR QA-joint

WORKING PRINCIPLE DESIGN

Motor 1 | Cam Bar Connection to
£ H Circular Spline
/__\ Rocker Arm
\._..f'l ) e
Motor 2 -
(a) '\I: N '3\‘
. Maotor 1 :
o, ,__Lulx Stiffness Actuator
L
Fig. 5. Cross section of the Quasi Antagonistic Joint design.
Motor 2
ib)
Fig. 4. Vanable Stiffness Actuator with nonlinear progressive springs in
antagonistic {a) and quasi antagonistic (b) realization. Principle of the elastic
mechanism (right).

Quantity Unit Value TORQUE - ANGULAR DEFLECTION
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Angular deflection | [rad] Max 0.26
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Jafari [15]

WORKING PRINCIPLE

Intermediate

-

Quantity Unit Value
Torque [N -m] Max 26
Angular deflection | [rad] Max 0.2
Stiffness [N -m/rad] Min 30
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Jafari[12]

Spring

Quantity

WORKING PRINCIPLE

Force
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Angular deflection | [rad] Max 0.3
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Angular deflection Yes
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Kajikawa [16] MP-joint

WORKING PRINCIPLE DESIGN

belt and pulley to detect actual link position

output link

motor-driven disk

S ?
(b) A/SRC (

) ()

air supply unit
> s s = 5 s . 2 L -
“ig. 2. Deformation of A-SRC under different conditions of external force

ation. (a) Initial condition when no external force is applied. (b) External
force 7+ is applied around the X-axis. Deformation and slippage of A-SRC pressure sensor <— S 7
occur. (c) and (d) External forces 7y and 7> are applied around the Y- and ; Yot =
Z-axes, respectively. dc motor with worm/worm wheel transmission
Quantity Unit ‘ Value TORQUE - ANGULAR DEFLECTION
TOI‘que [N ' m] Max 0.8 ’é\ ! @ 0.00 (MPa)
g 09 A0.05 (MPa)
Angular deflect d M 0.05] | "o Soisi
ngular deriection ax . : ).15 (MPa)
g [rad] W07 X 0.20 (MPa)
0.6
Stiffness [N -m/rad] | Min 9.17 | 205
Max 16.62 | S .
B 03
ASR -] 0.254 | & o2
< 01
R ] Min 0990| O
Max 1.000 0 0.5 1 15 2 25 3 3.

Jointangle 0 (deg.)

Mean 0997

E o ©0.00 (MPa)
5 ] . A 0.05 (MPa)
Working principle MCS | = - -6 tMPa)
" b €0.15(MPa)
8707 X 0.20 (MPa)

|
0 05 1 15 2 25 3 35
Jointangle 6 (deg)

LINEARITY

Datapoints Yes | £ ! ©0.00 (MPa)
g 09 A 0.05 (MPa)

s - By $o10080

P LS ( a)

Full range Torque Unknown | =, %020 (MP2)

Angular deflection Unknown |  os
Stiffness settings No | Zos

1

0 05 1 15 2 25 3 35
Jointangle 6 (deg.)
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Kim [8]

WORKING PRINCIPLE

Ontpur shaft

Adjustahle moment arm

(iuil{!c link -
{ == I('ikntllmntﬁ N )
I L
NF:?;:HE Ri:l:‘!rmn\ i E:%:
el | ] ]

I I Translgtion (ry '
| Spring block 1 ¥ Rotation (&) I |
— (&) Position frame
l — T .
\"-—___ _-_'———___‘ T

TTT— S

[=— axis

Inm pressed

| —
?} Rnl!llcm\r{i—\"’&? F B

(b)

Fig. 3. Principle of vanable stiffness mechanism based on adjustable moment
arm: (a) matial state, and (b) rotated state.

Rack-pinion
mechanism

Rack gear

T ldml‘m(m/.kutdn(m
Carrier 7

Adjustable moment
arm mechanism

DESIGN

Linear spring

(a)

=

. ‘ «— Ring gear

HDAU

Roller follower
Spring block

Linear motion
block

Planetary
gear (rain

Planet gear
(= pinion gear)

Quantity Unit Value TORQUE - ANGULAR DEFLECTION
Torque [N -m] Max 8.50 2
6 - ks(\lﬂ\.)
Angular deflection | [rad] Max 0.52 § 4+
%1
Stiffness [N -m/rad] | Min 390 £,
Max 12342 | = P
520 Measured
g 412 Curve fitted
ASR -] 0548 | <-4 uive e
6+ /
2 _ i ‘ AR ‘ ‘ ‘
R [=] Min 0.968 300 2200 <1000 10 20 30
Max 0.999 Passive deflection angle &5(°)
Mean 0.993 ASR
< < < 6 | /\'N1\|il\.i
Working principle MCS | — ks
?; 4 | ks
22
= k) (Min.
= 0
é -2 ~ Measured
_3 il Y, Curve fitted
. ,;’,
-6 /
30 20 -0 0 10 20 30
Passive deflection angle @5 (°)
LINEARITY
Datapoints No 6l s (Max.) il
—~ ks 4
E | SP— F 7"k
Full range Torque Yes | = 4 ks T
Angular deflection Yes| 32 -
Stiffness settings Yes| £
=l
g 27, Measured
S 4 Curve fitted
<.
-6+
30 20 -10 0 10 20 30
Passive deflection angle 5(°)
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Migliore [10]

WORKING PRINCIPLE

Holer Guide

Ball Baaring Rodler
/: rame

&

e

J

—_— ‘Roller Trajectory

=
E===q)

Fig. 2. The design of the nonlinear elastic device. When a stretching
force is applied to the device, the rollers are forced along the expanding
contour and stretch is applied to a pair of linear springs (one is not visible
in background).

Quantity Unit Value TORQUE - ANGULAR DEFLECTION
Torque [N -m] Max 0.045 | I ccomrmmmiomn] ' '

S, = 0.409 mNm/deg (= 0.8934)

40t §_ = 0.675 mNm/deg (* = 0.9956)

A
© S_=0.542 mNnvdeg (* = 0.9957)
o
x

S_ = 0.807 mNm/deg (° = 0.9974)

Angular deflection [rad] Max 1.05

Stiffness [N -m/rad] | Min 0.016

Max 0.046

Measured Joint Torque (mNm)

ASR =] 0.331

Given Measured

0.985 0.969

R? [=]

0.993 0.987 %0 —40 gy ; 20 40 &

0 0
Measured Joint Angle (deg)

0.996 0.992 ASR
0.996 0.991 ([ smom oo

” = 0.0853) \
= 0.9934) |

Ol|lh|W N

0.997 0.995

= 0.9957)
0.675 mNm/deg (~ = 0.9956)

= 0.807 mNnvdeg (F* = 0.0074)

Lo o0 e

Min | 0.985 0.969

Max | 0.997 0.995

Mean | 0.994 0.987

Measured Joint Torque (mNm)

Working principle ACS

-60 -40 -20 0 20 40 6
Measured Joint Angle (deg)

LINEARITY

Datapoints Yes Pl e :
Full range Torque Unknown

Angular deflection Unknown

Stiffness settings Unknown

Measured Joint Torque (mNm)

_60. . . "
-60 -40 -20 0 20 40 6(
Measured Joint Angle (deg)
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Morita [17]

MIA

DESIGN

WORKING PRINCIPLE

Spring Length  50mm

. Effective Length _

7 -

= - Coe— To Joim
& Wire Cable™ |— ] Driving Unit
"1 - ! i
= = : Mowe
ST 2 i |---~»-"H_ Slider
e =5
Flexible Shafl — 1~ — ~ —— E—— ¥
o Actuatorl ﬁ ; f_‘l :?;!'
["""";_';;............................f............... SR .~ D D B S RIS
Feed Screw (M6) . Slider
e
ol /
Had < [} Soft

Slider Position

Figure 2: Structure of Mechanical Compliance Adjuster

™ I~ —

|
|
3 Y — |
!
|

)

o
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{ er" : i
e —— l.(_’.ll__,r] T:l. Actuator? fig ]"l.mﬂ?!.‘lll.‘lg;

Actuator] for Adjustment

of Comptiance

Actaatord for Adjustment
ol Damgsng

Ouler Condail 1 A2

I

Worm Gear

% Brake Disk

110 mm

TORQUE - ANGULAR DEFLECTION

Quantity Unit | Value
Torque [N -m] Max 0.49 20 £=40.0
- £=120.0
Angular deflection | [rad] Max 0.66 30 . |
g 20 T8 £=00
a1 ()
Stiffness [N - m/rad] Min 0.65| £ 10 ga=T"
Max 312 = °T—Ll=+%o
2 10 ™ -
ASR -] 0.419 20 e
-30 4
2 _ H -40
B [=] m;r:( 8333 -600 -400 -200 O 200 400 600
. Load gf
Mean 0.995 ASR
£ =300
T — 40 | - |
Working principle SCS o |__1 T | £=200
2 20 [ E T 8 £=0.0
= 10—
E o = %0
'—Z_-]U- =® 2
2 20 | = :
-40 1 LS N I —
G600 400 -200 0 200 400 600
Load gf
LINEARITY
Datapoints Yes 20 €=40.0
‘ % 1 £=20.0
Full range Torque Unknown . Zg 7 P R
Angular deflection Unknown 2 ol ,a/'i o
Stiffness settings No| 3 |
E o | =]
£ 20 v“f; 4
30
-40 1 :
-600 -400 -200 0 200 400 600
Load gf
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WORKING PRINCIPLE DESIGN
g U
:h _/T///_,“ ]
__.7;.-_5--3%\ = 'JJ'
P S N
I Q)N =7
\oT ~ /
w [\1: N
_'\-T" IiF
| I -
Ay
™ é F.L‘I; P s
= i
Tl e
Mt
-"_' _ ,’-E;.?\ E N
Fig.l Concept of force ransmission via slopes. L: pressing force; & slope qu .
angle (oansmission angle); x,: spring deflection; ). displacement; k ‘\“5\ p
stiffness of spring. Block A cam slide on block B freely. a [ T
¥V * '-%:
: o -
v
Quantity Unit Value TORQUE - ANGULAR DEFLECTION
Torgue [N -m] Max 18~ EI |1 =499+ 414
ELS- 7, =64.17p #3931 T
Z | R098% R’ 0.9871
Angular deflection Max 70| = -
gular deflectio [rad] a 0.70 HE ; ;;,_" 7, =1136p+2532
T R’: 0.98547
Stiffness [N -m/rad] | Min 0227,
g1,
Max 3.68 g Wmv __chzuj
306 s ,__q.:;;l_;;;;_“'g__,f%‘37
ASR [—] 0.494 :; \ 7 R Sy W T Gar
Given Measured | 3 s AL
_ AT 0 RO
R2 [_] 1 0.990 0.988 [) S 70 1, = 3.856 (/72](;..). R.().)-ﬂ.sm
2 0.987 0.988 Deflection angle of Cam (degree)
3 = 0.987 ASR
4 0.985 0.982 | - | IREL —
EL8} 7, =64.17p + 3931 T AL
5 - 0978 | ;| Rk 00806 R 09871
6 0.943 0.944 E|4 o T 13
5 @l T, = 11D £33.4
Min | 0.943 0.944 | v | ) 2 0.9854?
Max | 0.990 0.988 | ¢ | Frcignalelfecty
Mean | 0.976 0978 | .
,1;‘) X 7\1
Working principle MCS | ¢
o =3856%pt 1350 REQUR
0 ] 40
Deflection angle of Cam (degree)
LINEARITY
Datapoints Yes | - D ] =490+ 414
EL8F 7, =64.17p +393.1 e B o
Z | R%098% R. 05871
Full range Torque _ Unknown | £, IR T
Angular deflection Unknown | 7 = R%: 098547
Stiffness settings Unknown | 4. ey
30633 2y
1.y = - S i
7, = 3.856%0 + 135.9; R*:0.9433
0 0. 20 30 40
Deflection angle of Cam (degree)
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Schiavi [18] VSA I

WORKING PRINCIPLE DESIGN

Fig. 2. Line diagram of 4-bar transmission mechanism of VSA II. Link
A of length R is driven by a motor at Q. The torque spring & has a linear

behaviour. Stiffness seen at O attains non-linearity through the geometry,
where angle # at O and transmission angle 3 are related non-linearly.
Quantity TORQUE - ANGULAR DEFLECTION
Torque [N -m] Max 0.32 —
02k f
Angular deflection | [rad] Max 0.22 orst
£ oodf
Stiffness [N -m/rad] Min 0.15 | oo
Max 95| : ¢
%—nos- ;
ASR -] 0598 ot
-0.1
R2 [—] Min 0.974 03s 54
Max 0.988
Mean 0.981
Working principle MCS R
£ o1
g 0.8}
o0
-0.1
-0.15p
R P a— foiw 0 o 02 %3 54
q, (rad)
LINEARITY
Datapoints No |
02
Full range Torque Unknown | .|
Angular deflection Unknown £ o
Stiffness settings Unknown | 5 oo
:
-0.15
4a 0?4
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Sugano [19]

WORKING PRINCIPLE

H i

[
Lz
'... [ \.H'\. | z"j

Displacement
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:I-urct

J

&£
"

a
£

Varialicn ol Cable Tension

Finger,— = . )
Tip _,,,—-f’\""' . Spring

//

Actuator for Adjustment
of Spring Constant

Quantity

Unit

Value

TORQUE - ANGULAR DEFLECTION

Torque

[N -m] Max

4.90

= ! cx

Angular deflection

[rad] Max

0.75

Stiffness

[N -m/rad] Min

0.52

Max

4.09

ASR

0.467

R2

Min

0.989

Max

0.999

Mean

0.994

Working principle

SCS

=

Amglle off Jaint

0!

2, -
=500

Lavad! ef

Datapoints

Yes

LINEARITY

&4
W ST p————

Full range

Torque

Unknown

Angular deflection

Unknown

Stiffness settings

Unknown

500 0

ILisead! gf
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WORKING PRINCIPLE DESIGN
'.J! LJ.. '_J.!
A '1 ] ' i ’
Ir:: I'E:' i
Fig. 1. Working principle of the MACCEPA.
Quantity Unit Value TORQUE - ANGULAR DEFLECTION
Torque [N - m] MaX 2 ) Torque with B=2cm,C=10cm and k=1500N/m
Angular deflection | [rad] Max 157 | i D
.| ke e |
Stiffness [N -m/rad] | Min 057 ¢ ]
Max 1.67 P
ASR -] 0a2r| T
R2 [—] Min 0992 | ‘u 50 .30 0 B ) %
M ax 0 . 999 Angle u (degrees)
Mean 0.995 ASR
i, Torque with B=2anC=10clm and k=1500N/m
Working principle MCS
2+ ; ; ; ; ,
90 40 &) 0 %0 60 %
Angle u (degrees)
LINEARITY
DatapOI ntS NO Torque with B=2cm,C=10cm and k=1500Nm
Full range Torque Unknown
Angular deflection Unknown
Stiffness settings Unknown
0 £0 30 0 3‘0 60 %
Angle u (degrees)
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Vanderborght [21] MACCEPA 2.0

WORKING PRINCIPLE DESIGN

Fig. 4  Working principe of the novel MACCEPA 2.0. Top: Out of -
equilibrium position (generating torgue) Middle: At equilibrium position )‘
(not generating torgue ) Bottom: Changed pretension - 4
Quantity Unit Value TORQUE - ANGULAR DEFLECTION
Torque [N -m] Max 3

3

Angular deflection | [rad] Max 1.05 25 © penon """""" """""

- P=0.03m

+ P=004m ; ;
] P=000M [t gl R .

P=0.01m H
P=002m
P=003m

Stiffness [N -m/rad] Min 0
Max 5.16

torguedHm)
&

ASR -] 0.430

RZ [ Min 0.801 P R e
MaX 0.969 a 10 20 30 40 a0 B0

anglel™
Mean 0.921

Working principle MCS

30
angled)
. LINEARITY |
Datapoints No 3
P=0.00m
«  P=001m : :
25keaaan P=002M [oemnrmmnndeamananans [ERLY S aiallr SYLLOLREE
Full range Torque Unknown L ooem
Angular deflection Unknown 2o o R S (S it
Stiffness settings Unknown | £ P=00am ‘
[ 1.5p----- = I AR 4P 4V 4 8 T S Ry 2
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Roller

Medial Axis

Connect Box

Leaf Spring

Wang[22]

Slide Table

Slide Guide

WORKING PRINCIPLE DESIGN

Worm Gear

TORQUE - ANGULAR DEFLECTION

| |
| |
| |
| |
_____ U — | —%—Minimum length | _
| |
| |
| |

ADEA

—*—LI15mm
—S—L10mm

Quantity Unit
Torque [N -m] Max 20.2
Angular deflection | [rad] Max 052|
=
a
Stiffness [N -m/rad] Min 487 g1/
Max rigid joint{ 2
like =
ASR -] 0426 |
RZ [_] Min 0 998 Angular Deflection (deg)
Max 0.999
Mean 0.999
Working principle SCS
:
Angular Deflection (deg)
Datapoints
Full range Torque No z
Angular deflection Yes <
Stiffness settings Yes £
Angular Deflection (deg)
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Wolf [23]

WORKING PRINCIPLE

Linear Bearing

Raoller E/

¥

\

{a)}

b

Roller Position
of Undeflected Joint

/

Deflection

Fig. 4.  Unwinded schematic of the ¥5-Joint principle in centered (a)
and deflected (b) position. A deflection of the joint results in a horizontal
movement of the cam disk and a vertical displacement of the roller The
spring force generates a centering torque on the cam disk

VS-joint

IGN

. ——
ad
fmw

. =mmgs — Spring Base Slider|

Spindle

Connection to
Linear Bearing

Roller Slider
Cam Rollers

Cam Disk
(Fixed to
Circular Spline)

tr\.\i\ of Rotation

Quantity Unit \ Value TORQUE - ANGULAR DEFLECTION
Torque [N -m] Max 225 VS-Joint Torque
Angular deflection | [rad] Max 0.24| 73"'-'%‘
3 ezl g
Stiffness [N -m/rad] Min 0| Zw
Max 3036 | : .,
ASR -] 0207 ~ o
Re [-] Min 0776 0 ¢ i
MaX 0901 ellection (deg
Mean O AR |
- — VS-Joint Torque
Working principle MCS
0
é_ 150]
= 501
—
Deflection (deg)
Datapoints No VS-Joint Torque
Full range Torque Yes 20 - - ’/‘
Angular deflection Yes | = .
Stiffness settings Yes | 2™
= 100}

50

Deflection (deg)
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Wolf [24]

WORKING PRINCIPLE
Passive Deflection

Eest Position

Equlibriom
CamF:___-::]let: |~ Positi

Ty y
E| W,

L:'.uéa_:_E :1

al Ca.m]:h_.l..: Beanngs B}

Stiff Setup
Cam Moved by
Sﬁﬁngr;,: Actuator

e

2

Deflection in Stiff Setup

DLR-FSJ

DESIGN

Floating Spring

Roller Base

a ] t . Cam Rollers
x Axis of Rotation
;C'am Fixed to Lizk |
Quantity TORQUE - ANGULAR DEFLECTION
Torque [N -m] Max 67 L— — ‘
e
—0 =2.5°
Angular deflection | [rad] Max 0.26 80— =51°
2 e —goik
Stiffness [N -m/rad] | Min 52.4 P
Max 86| - °
3, -20
5 a0
ASR -] 0.527 T
-80+
R? [_] Min 0.900 B T - 0 5 10 15
Max 0988 Passive Joint Deflection ¢ (deg)
Mean 0.948
Working principle MCS
%E/
e
-100
-15 -10 -5 o] 5 10 15
Passive Joint Deflection ¢ (deg)
LINEARITY
Datapoints No 100 : : 5 - . ‘
Full range Torque Yes ~
Angular deflection Yes z
Stifffness settings Yes E
é
—100ki i i i i
-15 -10 -5 0 5 10 15
Passive Joint Deflection ¢ (deg)
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