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ABSTRACT Variable stiffness actuators (VSA) are finding wide applications in robotics to enhance safety

during interactions with stiff environments. Researchers have proposed various design architectures like

antagonistic actuation, which requires both the motors to be powered simultaneously for varying the stiffness

or equilibrium position. In this paper, the design of a novel joint module, named as variable stiffness joint

module (VSJM), is proposed, which consists of a lead-screw arrangement for varying the stiffness range

and a cam based mechanism to change the stiffness within the set range quickly. The cam profile has been

synthesized to maximize the stiffness variation as well as to maintain the cam and cam follower in static

equilibrium when the output link is in the equilibrium position. This was achieved by properly positioning

and orienting the friction cones at the contact points. By mechanically compensating the moment due

to unbalanced forces at the contact points, the continuous usage of stiffness motor has been eliminated,

leading to reduced power consumption. Details of the proposed mechanism are presented along with the

mathematical model for cam profile synthesis and static analysis. A simplified prototype of the proposed

design has been fabricated to perform the experiments. A hammering-a-nail experiment has been conducted

to show the capability of the mechanism, and the results are presented.

INDEX TERMS Variable stiffness actuator, flexible joint, cam mechanism, static equilibrium.

I. INTRODUCTION

A robotic system made of rigid links to collaborate or inter-

act with an external agent or environment must have an

adjustable elasticity, at least at the joint level. Controlling

the joint elasticity is crucial [1], to reduce the mechanical

damages and to ensure system stability. This was addressed

in the literature by providing active or passive compliance

control [2], [3], which would change the elasticity of the

joint, based on the task requirement. The active methods

need force/torque sensors or torque-controlled motors, which

are highly expensive, and the motors are generally regulated

through software programming. Even though active methods

are accurate, rigid impacts or delayed response due to pro-

cessing of sensory inputs would damage the joint motors.

To overcome this problem, passive compliance control, which
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approving it for publication was Giambattista Gruosso .

incorporates a passive element such as a spring or elastic

material is preferred in many situations [4] like grasping,

walking, andmanufacturing operations like drilling, hammer-

ing, and grinding.

The presence of a passive element in the joint decouples

the actuator and the link from the external disturbances.

However, finding a proper value for the joint stiffness is

critical, as increasing the joint stiffness makes the system

more sensitive to external disturbances. On the other hand,

decreasing joint stiffness makes the system sloppy and may

lead to undesired oscillations. Therefore, the joint module

should have the ability to change the stiffness of the passive

element. Variable stiffness actuators that are equipped with a

dedicated actuator to vary the characteristics of passive elastic

elements to change the joint stiffness are generally employed

in such situations.

In general, VSA with a passive element can be

implemented through different actuation methods, namely,
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antagonistic motor and independent motor setup, as described

in [5]. In combination with the actuation method, different

stiffness variation method, such as, changing the pretension

of the passive element, changing transmission between load

and spring (CompAct-VSA [6], AwAS [7], AwAS II [8],

vsaUT II [9]), and changing physical properties of the

elastic elements (like flexible elements [10], [11] and

McKibben [12], [13]) have been employed in the prior art.

Some of the notable designs, such as antagonistic springs

with antagonistic motors (VSA-II [14], BAVS [15]), antag-

onistic springs with independent motors (AMASC [16], [17]

and [18]), and independent motor for changing the stiffness

and equilibrium position (Maccepa [19], Maccepa 2.0 [20],

DLR FSJ [21], SVSA [22]) can also be found in the liter-

ature. More information about various designs, classifica-

tions, and characteristics of VSA can be found in the review

articles [5], [23]–[25]. Usually, variable stiffness joints con-

sist of two actuators that have to be powered continuously

for changing the joint angle and joint stiffness. For instance,

though the antagonistic method has the advantage of reduced

inertia due to indirect actuation, the motors should act against

each other to change the stiffness or equilibrium position.

Therefore, the change in equilibrium position and stiffness

are coupled. As a result, the mechanical power remains zero

(in the equilibrium position) for the nonzero electrical power

since the motor has to provide the torque continuously to

maintain the stiffness. As a consequence, the motors consume

power, even if the output motion is absent, which is a signif-

icant drawback of antagonistic methods.

Vanderborght et al. [26] and Chalvet and Braun [27] have

compared and quantified the energy consumption of differ-

ent variable stiffness designs and shown the significance.

In addition to that, Verstraten et al. [28] have compared

the energy consumption of series elastic actuators (SEA)

and parallel elastic actuators (PEA). Apart from comparing

different designs, a few methods can be found in the litera-

ture [7], [29]–[32], where reducing power consumption has

been considered as a design requirement. Of them, designs

like MeRIA [31], [32] and AwAS [7], used lead screws,

which allow the mechanism to maintain the stiffness with-

out dissipating the power due to non-back drivability char-

acteristics. However, the change in stiffness would not be

instantaneous due to the lead screw arrangement. Particularly

in some cases, the system should instantaneously change the

stiffness to absorb the energy during the contact with the envi-

ronment, or to inject energy into the system in other cases.

Further, decoupling the control of stiffness and the position

can be achieved by coupling the endpoints of the springs

either through lever arm mechanism [7]–[9], [30], [33], [34],

or cam mechanism [15], [34], [35]. Also, implementing a

lever arm mechanism for varying the stiffness by chang-

ing the transmission ratio between the internal elastic ele-

ment and the motor would affect the compactness. In some

designs, an extra electromechanical component like a clutch

or brake is used to engage elastic elements that are arranged

in series or parallel to vary the stiffness discretely [36]–[38].

The additional on-off devices for recruiting the elastic ele-

ments would result in increased power consumption and

complexity of the system. It also requires a specific activation

pattern to vary the predefined available stiffness values. The

discontinuous changes in stiffness during the operation of the

discrete variable stiffness actuators may result in a transient

impulsive force at the output link, which is undesired, mainly

when the joint is used in collaborative robots. Generally,

the high output torque requirement is achieved at the cost

of compromising the compactness, as in the case of Mac-

cepa [19] due to single spring usage. The compactness is

directly affected by the size of the elastic element.

Though various VSA designs have been implemented suc-

cessfully, there remains a need to develop a compact, versatile

joint module that utilizes less power and quickly changes

the stiffness. In most cases, the consumption of power is

mainly reduced byminimizing the cause of energy dissipation

(i.e., friction associated with the transmissions and spring

elements), and less importance has been given to reduce the

power consumption further at the design level. Also, most

of the available VSA designs are capable of changing the

stiffness, but the range of stiffness of such designs remains

fixed. In order to achieve lower joint impedance, the length

of the spring has to be increased, which directly affects

the compactness of the mechanism. To address these issues,

a new design has been proposed in this paper to change the

stiffness in two different ways: 1) modify the range of the

stiffness using lead-screw arrangement 2) vary the stiffness

within each range using a cam mechanism. In addition to

that, the equilibrium position of the output link could be

maintained without actuating the stiffness motor, leading to

reduced power dissipation. The proposed joint module suits

applications such as human-robot interactions, rehabilitation

purposes, and explosive movements.

The remainder of this paper is organized as follows:

In Section II, we present the design concept of the

proposed VSJM. Subsequently, the working principle,

detailed synthesis and analysis, and design procedures are

described in Section III. Following that, in Section IV,

the static analysis and stiffness modeling will be presented.

Section V provides detailed CAD modeling, spring design,

and construction of the VSJM. In Section VI, we discuss

the experimental results and present an algorithm for the

hammering task to show the application potential of the joint

module.

II. DESIGN CONCEPT

The simplified architecture of the VSJM module comprises

of variable stiffness mechanism (VSM), input and output

link to connect with the adjacent joint modules, a lead-screw

arrangement to set the stiffness range, and a base motor

that is coupled to VSM, as shown in Fig. 1. The VSM

consists of two cam followers, a cam that contains a pair of

cam slots placed antisymmetric to each other, and antago-

nistically placed nonlinear compression springs (s1 and s2),

as highlighted in Fig. 1. One end of s1 and s2 is attached
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FIGURE 1. The conceptual model of the proposed VSJM: (a) output link is at the equilibrium position, (b) output link is deflected from the equilibrium
position, and (c) simplified 3D model.

with the cam follower 1 and 2, respectively, and the other

ends are coupled with the slotted output link. Each of the

followers is constrained to move only along the horizontal

direction and is configured to slide in the corresponding cam

slot. A motor is attached directly to the cam for changing

the joint stiffness within the set range, and we call it the

stiffness motor. By actuating the base motor, the VSM box

is actuated as a whole and hence changes the equilibrium

position of the output link. By actuating the stiffness motor,

the deflection of the nonlinear springs is controlled; hence,

change in stiffness is accomplished. In Fig. 1a, C and C ′

denote the contact points between the cam follower and the

cam slot. The friction cones at the contacts C and C ′ are

utilized to counteract the moment about the cam center due

to vertical offset between C and C ′ when the output link is in

the equilibrium position, as illustrated in Fig. 1a.

According to Nguyen’s criterion [39], if there exists a line

that connects the two contact points and if that line is an

interior of the friction cone, then the system of forces are

balanced [40]. In the proposed design, the cam profile is syn-

thesized based on this criterion to meet the static equilibrium

condition at the contacts without powering the stiffness motor

(this would be discussed in detail in Sec. III).When the output

link is displaced from the equilibrium position, as depicted

in Fig. 1b, the springs are deflected, and a restoringmoment is

generated. The change in stiffness range is achieved bymanu-

ally varying the offset Lo between the axis that passes through

the stiffness motor As and joint axis Aj, with the help of the

lead screw arrangement. Reducing the offset Lo makes the

joint more complaint and increases the range of the angular

displacement of the output link. On the other hand, increasing

the offset results in a stiffer joint and reduces the range of the

output link angular displacement without changing or replac-

ing any of the components. Further, within the manually set

range, the stiffness can be adjusted electronically by rotating

the cam without disturbing the equilibrium position of the

output link. It enables the system to be more compact. The

nonlinear relationship between the force and deflection of

the springs could be achieved by various means, like variable

pitch springs, stacking multiple linear springs with different

stiffnesses, and so on. For simplicity, we have used two

different springs with different stiffnesses that are connected

in series as a single spring element. Also, the magnitude of

force/torque at the joints can be sensed from the deflection

of the passive element without using any force/torque sensor.

This enables the system to be more affordable, especially in

applications like rehabilitation robotics.

III. WORKING PRINCIPLE AND MATHEMATICAL MODEL

A. WORKING PRINCIPLE

The proposed VSJM has a base motor for changing the

equilibrium position of the output link, and a stiffness motor

that is encapsulated within the VSM to change the joint

stiffness. When the cam is rotated in Clockwise (CW)/

Counterclockwise (CCW) direction, the nonlinear springs are

compressed/relaxed, which exert forces Fs1 and Fs2 at the

corresponding contact points C and C ′, respectively. When

the output link is at equilibrium, and if the cam profile is

noncircular, the line connecting both contact points would not

be coincident with the forces Fs exerted due to the deflection

of springs. As a result, the force Fs acting horizontally at

the contact would have the components along tangent and

normal direction at C and C ′. The offset between the two

contact points along the vertical direction generates amoment

about the cam center. As a consequence, if no external force

exists, the cam rotates CCW until the cam followers reach

the extreme cam position dM . One way of counteracting this

moment is by applying the torque using the stiffness motor
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which is directly coupled with the cam. But this requires the

motor to be powered even when the output link is stationary.

The second way of achieving the torque equilibrium is by

making the forces due to springs coincide with the contact

normal forces at the contacts. In this case, the trivial solu-

tion for the cam profile is a circle, where the force/torque

equilibrium can be maintained. But, in this case, change in

stiffness would not be possible, as the springs would not

deflect. Therefore, a noncircular cam profile has to be found

to change the stiffness as the cam moves, and, at the same

time, retain the cam position from the unbalanced forces at

the contacts.

In this paper, we have proposed the design of the VSJM

to counteract the unbalanced forces at the contacts if the

cam profile is noncircular. Thus, the continuous actuation of

the stiffness motor could be avoided. The cam profile has

been designed to maximize the change in stiffness as the cam

rotates and tomaintain static equilibrium. This ensures that no

external work needs to be done to resist themoment generated

due to offset in antagonistic contact forces under no-load con-

ditions. The details of the static equilibrium and synthesizing

of the cam profile will be discussed in the following sections.

B. CAM PROFILE SYNTHESIS

When the output link of the VSJM is not displaced from its

equilibrium position, the cam and the cam follower need to

be in static equilibrium. The cam profile is synthesized based

on this criterion. How to achieve the static equilibrium and

how to synthesize the cam profile to maximize the change in

the stiffness of the springs during the movement of the cam

follower are presented here.

The free-body diagram of the cam follower in contact with

the cam profile is shown in Fig. 2. Let O1 and O2 be the cam

center and center of the follower, respectively. The point of

contact between the follower and the cam profile is shown

as C . The line AC , normal to the tangent T at C , intersects at

A with O1A||T , and forms a right-angled triangle 1O1AC .

Let λ be the interior angle, r1 and r2 be the length of the

sides of 1O1AC , and ϕ be the cam angle measured from

the x-axis, as shown in Fig. 2. The components of nonlinear

spring force Fs at the contact, C , are the normal force FN
and tangential force FT . Frictional force Ff is acting along

T in the direction opposite to FT . For the cam to be in static

equilibrium, the moment generated due to the normal contact

force should be balanced by the moment due to the frictional

force, as shown in (1).

Ff r1 = FN r2 (1)

From Fig. 2, r1 and r2 are trigonometrically related to λ

and Equation (1) can be rewritten as

Ff

FN
=
r2

r1
= Tan (λ) (2)

Assuming the relationship between the spring stiffness Ks
and the spring deflection ds is monotonic, the change in spring

deflection with respect to cam rotation should be maximized

FIGURE 2. Free body Diagram showing the contact point and the contact
forces between the cam follower and cam profile.

to maximize the change in joint stiffness. This implies that

for any given cam angle ϕ, a cam profile that has maximum

β is desired, where β is the angle between the contact normal

and the horizontal axis. From Fig. 2, one can observe that

an increase in β ∈ [0, π/2) results in an increase in λ.

From (2), λ turns out to be the friction angle, hence, there

exists a maximum, λ∗, for λ that depends on the type of

materials in contact. The desired cam profile is obtained

when λ = λ∗ for every contact point. Hence, if µ is the static

friction coefficient,

Tan
(

λ∗
)

=
Ffmax

FN
= µ (3)

To attain Nguyen’s criterion [39], we have imposed that

one of the edges of friction cone, i.e.,CO1 has to pass through

the cam center so that the moment would be compensated

by the opposite contact. In other words, the edge CO1 of the

friction cone at C should coincide with the edge C ′O1 of fric-

tion cone at the contact C ′ between cam follower2 and cam

profile, as illustrated in Fig. 1. With this, static equilibrium is

achieved by constraining the motion of cam through a set of

contact points with friction. Assume that there are no external

forces applied to the output link, then the contact forces at

every point contact pairs in the cam profile have to balance

each other so that the cam remains in the static equilibrium

condition.

Since the cam consists of two cam slot profiles with a

finite length, each profile has two extreme positions, that

are, dm and dM , where the length of the spring is minimum

and maximum, respectively. The cam follower remains in

this extreme position when the springs are either in a fully

compressed or expanded state. When the cam follower is

at one of the extremities of the cam angle, say at dM , then

contact normal force (FN ) would be minimal because of less

deflection of the spring. Otherwise, FN would be maximum

if the spring is fully compressed. The minimal normal force
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constitutes less tangential force; therefore, a less frictional

force is sufficient to counteract.

To find the appropriate cam profile to meet the design

requirements, consider an imaginary profile which is high-

lighted in blue color, as shown in Fig. 3. A coordinate

frame, O1, is attached to the center of the cam,

whose x-axis passes through the initial point of the cam

profile, dM , as shown in Fig. 3. The cam angle ϕ is measured

from x -axis to the line joining O1 and the contact point Ci.

Assume that the contact point has shifted from Ci to Ck when

the cam is rotated in a CW direction, with an infinitesimal

angular displacement dϕ, as illustrated in Fig. 3. The distance

from the contact point Ci to the cam center is denoted by R.

In order to determine the relationship between friction angle

and cam profile, a right-angled triangle can be formed where

the vertex Ck is at (R − dR) from O1 and follows the below

trigonometric relation.

Cot (γ ) = −
1

R

dR

dϕ
(4)

FIGURE 3. Small-angle approximation for synthesizing the cam profile.

The negative sign is because the length variable R

decreases with an increase in cam angle ϕ, as compression

springs are used. From Fig. 3, the friction cone angle λ∗, and

γ can be related by

γ = π/2 − λ∗ (5)

Substituting (5) in (4), we get

Cot
(

π/2 − λ∗
)

= Tan
(

λ∗
)

= −
1

R

dR

dϕ
(6)

Using (3), the above equation can be rewritten as

dR

dϕ
= −Rµ (7)

Solving the above differential equation, we obtain the length

between the cam center and contact point, R as

R = R0e
−µϕ (8)

From the expression, R is exponentially related to the

coefficient of friction and cam angle. When ϕ = 0, then

R = R0, which is the initial distance between O1 and dM .

Using (8), we have found the cam profile for different

µ values. Also, the same has been illustrated using a polar

plot where the concentric circles and the radial lines represent

the length R and cam angles, respectively, as given in Fig. 4

(this has been plotted for a fixed value of R0 = 35mm).

As pointed out earlier, the relation between the cam profile

and the coefficient of friction is established, now we proceed

to explain the design procedure as follows.

FIGURE 4. Cam profile for various friction coefficients and fixed
R0 = 35mm.

C. DESIGN PRINCIPLE

The following are the design principle for the proposed

VSJM:

Design Objective:

(a) The module has to be made compact for practical

implementation in robotic joints.

(b) The cam should remain in statically stable condition

when the output link is in equilibrium condition.

(c) Power consumption should be less than the conven-

tional variable stiffness mechanisms.

Design Specifications:

(a) To ensure the first design objective, the length (L) and

breadth (B) of VSM were chosen to be 120 mm and 140 mm.

(b) The mechanical stiffness KM should vary as a function

of the cam angle ϕ (assuming that output link is in equilib-

rium). For simplicity, the mechanical stiffnessKM is assumed

to be KM1 for the cam angle range ϕ ∈ [0, ϕ1) and KM2

for the next cam angle range ϕ ∈ [ϕ1, ϕ2], where ϕ1 is the

intermediate cam angle and ϕ2 is the maximum cam angle,

i.e.,

KM =

{

KM1 = 3Nm/rad, For ϕ ∈ [0, π/2)

KM2 = 20Nm/rad, For ϕ ∈ [π/2, 5π/6]

(c) The maximum output link angular displacement for

a minimum stiffness of VSJM (KM1) is chosen to be

θmax = 25◦.
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Design Methodology:

To attain the above requirements, the methodology we fol-

lowed for designing the proposed VSJM is described below.

1. Based on the length and width, the parameter Lo is

decided not to exceed half the length of the VSM box, i.e.,

Lo < L/2.

2. Based on the width, B, of the VSM, the length of the

spring at minimum stiffness KM , can be found. This will be

equal to R0.

3. Using (8), for the given friction coefficient µ, the equa-

tion for the cam profile R(µ, ϕ,R0) has been found.

4. For each section of cam angle ϕi, the stiffness of the

spring section (K i
s) has been found from the mechanical

stiffness (KM ), and the relationship is described in Sec. IV.

5. The maximum deflection of the spring (ds) is found

from the maximum output link angle at KM1 (when cam

angle ϕ = 0).

6. The nonlinear spring deflection ds versus spring stiffness

Ks has been found using the cam profile equation (8).

7. From step 6, the spring sections are designed [41].

Further details on spring design is discussed in Section V.

To minimize the potential energy associated with the

springs, the cam follower would slide along the cam profile.

By maintaining the equilibrium at the edges of the cone, even

a small disturbance at the contact would lead to breaking the

static equilibrium. To circumvent this issue in the prototype,

the cam profile has been found for the lesser friction coeffi-

cient than the actual one.

IV. STATIC ANALYSIS

One of the main contributions of this work is to find the

cam profile to maintain static equilibrium, as discussed in

the previous sections. Utilizing this cam profile, two VSJM

designs are presented, which are designated as Design1 and

Design2. Design1 is equipped with two springs, a lead-screw

arrangement to set the stiffness range manually, and a cam

mechanism. Design2 is a simplified version of Design1 and

is equipped with four springs (to increase the overall mechan-

ical stiffness) and a cam mechanism. The lead-screw mecha-

nism is not included in Design2 to simplify the fabrication

process. In this section, the relationship between the joint

torque and stiffness has been established for both of the

designs, as described below.

A. STATIC ANALYSIS: DESIGN1

The free body diagram in Fig. 5a shows the angular dis-

placement of the output link and the corresponding restoring

forces generated by the two springs. The Lo parameter that

can be varied through a lead-screw arrangement, and the

displacement of the output link angle, measured from the

equilibrium position dl , are shown in Fig. 5a. Under the static

equilibrium condition, the torque experienced about the joint

axis Aj can be calculated with the help of Fig. 5a, as given

below.

τ = (Fs2 − Fs1)Lo (9)

FIGURE 5. Shows the free body diagram of output link and the associated
spring forces for: (a) Design1 and (b) Design2.

Let dc and dl be the deformation of the spring due to the

displacement of the cam and output link, respectively, then

τ = (Ks (dc + dl) − Ks (dc − dl))Lo (10)

After simplification,

τ = 2KsdlLo (11)

From Fig. 5a, we obtained the trigonometric relation

dl = LoTan(θ ), and substituted in (11) as

τ = 2KsL
2
oTan(θ) (12)

The instantaneous stiffness of the overall mechanism KM is

KM =
∂τ

∂θ
= 2KsL

2
oSec

2(θ ) (13)

From (13), one can observe that the mechanical stiffness

KM is a function of output link displacement θ , spring stiff-

ness Ks, and offset Lo. The relation between KM , Lo and

ϕ is shown in Fig. 6, where Lo is varied from 40 to 60 mm.

For the plot shown in Fig. 6, the spring stiffness is assumed

to be linearly related to spring deflection, i.e., a quadratic

relationship between spring force and deflection.

For a smaller angle displacement of the output link,

the mechanical stiffness becomes,

KM ≈ 2KsL
2
o (14)

B. STATIC ANALYSIS: DESIGN2

The torque experienced about the joint axis Aj for the

Design2 is calculated, similar to Design1. In this design, there

are four springs, and the offset Lo is fixed, as shown in Fig. 5b.

Using Fig. 5b, the torque experienced is calculated, as

τ = 2(Fs2 − Fs1)Lo (15)

The instantaneous stiffness of the overall mechanism KM is

KM =
∂τ

∂θ
= 4KsL

2
oSec

2(θ ) (16)
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FIGURE 6. Shows the relation between the mechanical stiffness, cam
angle, and the variable offset Lo for the Design1.

From (16), it can be seen that the mechanical stiffness of

Design2 is increased by a factor of 2 for the same Lo. Since

Lo is fixed in this case, KM is the function of θ and Ks. The

relationship between ϕ, θ , and τ is shown in Fig. 7. Here,

it is assumed that, Ks = k1 for spring deflection ds ≤ d1
and Ks = k2 for d1 < ds ≤ d2, where d1 = 10 mm and

d2 = 22 mm.

V. MECHANICAL DESIGN AND PROTOTYPE

In this section, we present the detailed design, and CAD

modeling of the VSJM prototypes Design1 and Design2,

as follows.

FIGURE 7. Shows the relation between the torque, cam angle, and link
angle θ (offset Lo is fixed) for the Design2. The zoomed view shows the
change of torque even for a small output link deflection.

A. DESIGN1

In this design, two ways of changing the stiffness have been

proposed to obtain a higher stiffness range, keeping themech-

anism as compact as possible. The design consists of an

electronically powered cam mechanism to actively change

or control the joint stiffness and a lead-screw arrangement

to adjust the stiffness range manually. The detailed CAD

assembly is shown in Fig. 8a. The input link ©1 and output

link ©2 are pivoted at Aj, which is coincident with the base

motor ©3 axis. A position-controlled DynamixelTM motor

©4 is directly coupled with the cam ©5 . The cam-followers

©6 a and ©6 b are rigidly attached with the first ©7 and third

©8 sliding blocks, which are engaging in the antagonistic

FIGURE 8. The CAD model of the proposed VSJM: (a) Design1− with two springs, a cam mechanism, and a lead-screw arrangement, (b) Design2−

with four springs, cam mechanism, and without the lead-screw arrangement.

138324 VOLUME 8, 2020



N. Govindan et al.: Design of a Variable Stiffness Joint Module to Quickly Change the Stiffness and to Reduce the Power Consumption

arrangement with one end of the springs ©10 a and ©10 b. The

other end of the springs ©10 a and ©10 b are mechanically linked

to a second sliding block©9 . The sliding blocks©7 and©8 are

configured to compress the springs to vary the stiffness by

actively rotating the cam ©5 using the stiffness motor ©4 .

The second sliding block ©9 is constrained by a linear slot

provided in the output link ©2 and is allowed to move only

along the axis of the springs. The lateral motion of the second

block ©9 takes place when the output link is displaced (ds)

from the equilibrium position. The metal enclosure ©14 is

used to assemble the base motor, lead screw ©16 , and linear

guide ©15 . By manually rotating the lead screw, the variable

stiffness mechanism subassembly is moved by a distance Lo
that is measured between Aj and As. The entire cam mech-

anism is placed on the lead-screw, which is configured to

vary the offset Lo between the axis of the joint actuator and

the second block ©9 , to modify the range of stiffness and is

termed as a first stiffness range.

B. DESIGN2

This design excludes the lead-screw arrangement; thus,

the change in stiffness is solely due to the cam mechanism.

In this, the axis of the joint actuator and the axis of stiffness

actuator are made coincident, as shown in Fig. 8b. To make

the device compact and to increase force and stiffness range,

a total of four nonlinear springs are used. An antagonistic

spring pair (S1,S2) is placed at either side of the stiffness

motor. Apart from that, two cams and two double-slotted

links (kept parallel) are used, one on top and other on the

bottom of the stiffness motor. This is to nullify the moments

of sliding block ©9 and cam follower about the pivoted point.

The output link is rigidly attached to the slotted links, and an

encoder (Broadcom R©, AEAT-601B-F06) is attached to the

output link whose axis is coincident with Aj. The simplified

schematic of the design is shown in Fig. 9 for the different

angular displacements of the output link. The nonlinear char-

acteristics of springs are obtained by serially connecting two

springs of different stiffness values. All four springs have

FIGURE 9. Shows the different configurations of output link for
Design2 and corresponding spring deflections.

the same force-deflection characteristics. The deflection of

the spring pairs (S1, S2) could be observed in Fig. 9. The

design details of the springs have been discussed in the next

subsection.

C. SPRING DESIGN

The nonlinear characteristic of a spring can be achieved in

different ways. One of the methods is to use multiple linear

springs with different stiffnesses that are connected in series.

The pictorial representation of the two linear compression

springswith different stiffnesses connected serially, which act

as a spring element S1 and S2, is shown in Fig. 10a. The one

with the relatively lesser stiffness is called soft spring, and

the other with the higher stiffness is called hard spring. The

specifications of the hard and soft springs are given in Table 1.

In order to avoid buckling while displacing one end of the

spring, the springs are inserted onto a cylindrical rod. The

effective stiffness of the serially connected springs is the net

stiffness considering both the hard and soft springs until the

soft spring completely shuts. After the soft spring completely

shuts, the effective stiffness of the serially connected springs

is the stiffness of the hard spring itself. Let Khs be the hard

spring stiffness, Kss be the soft spring stiffness, s is the dis-

placement of the spring, s1 is the maximum displacement at

which the stiffness changes fromKe toKhs, and s2 is the max-

imum displacement of the serially connected springs (both

soft spring and hard spring). The effective spring stiffness KS
can be found by

Ks =

{

Ke s ∈ [0, s1]

Khs s ∈ [s1, s2]
(17)

where, Ke =
KssKhs
Kss+Khs

.

FIGURE 10. (a) Shows two serially connected springs named hard and
soft springs, (b) shows the force-displacement characteristic of the
serially connected springs.
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TABLE 1. Spring specifications.

The resultant force-displacement characteristics of the

serially connected springs are shown in Fig. 10b. It can be

seen that effective spring stiffness changes from Ke to Khs,

as given in (17).

VI. EXPERIMENTAL RESULTS AND DISCUSSION

The fabricated prototype of VSJM (Design2) is shown

in Fig. 11. The encapsulated VSM module, input and output

links, and the controller elements are shown in Fig. 11a.

The overall dimensions of the VSM are shown in Fig. 11b.

The total power consumption of the system depends on

the number of electrically powered components. In general,

the two motors that are used to change the stiffness and joint

angle are the major power-consuming elements in the system.

The introduction of additional electromechanical compo-

nents like brake or clutch would increase the stiffness range.

However, this leads to an increase in power consumption,

introduces propagation delay, and directly affects the com-

pactness. In the proposed design, it is noteworthy to mention

that, due to the optimized cam profile, the stiffness motor

need not be powered as long as the output link is in the

equilibrium position. Hence, the continuous need for power-

ing the stiffness motor is avoided, which results in reduced

power consumption. Besides, due to the cam mechanism,

changing the stiffness is quick compared to the lead-screw

arrangement. Experiments were performed on the prototype

fabricated based on the Design2 to show the effectiveness of

the proposed design. The results are valid for Design1 also

and could be extended for further analysis. As a first step,

we present the comparison and validation of the theoretical

and experimental data. Then, we present the results obtained

FIGURE 11. Shows the fabricated prototype of VSJM (a) encapsulated
with VSM and (b) VSM with the major dimensions.

from the task of a hammering application and discuss the

associated algorithm used.

To validate the model of variable stiffness mechanism,

the theoretical value of themechanical stiffnessKM computed

from (16) is compared with the experimental data. To conduct

this experiment, a force gauge (Lutron R©FG-5020) is coupled

to the output link at the distance of l (l = 0.31m) from the

joint axis, as can be seen in Fig. 11. The variable stiffness

characteristic of each nonlinear spring element is realized

by serially connecting two springs with different stiffness

values, named soft and hard spring, with low and high spring

stiffness, respectively. Initially, the output link axis, which

is in the equilibrium position, has been aligned perpendic-

ular to the axis of the force gauge, as shown in Fig. 11a.

The stiffness motor and base motor used in the VSJM are

Dynamixel R©XH430-W350-R and XM540-W270-R, respec-

tively. The cam angle ϕ is kept constant at 0◦,36◦,72◦,108◦,

and 144◦, and for each of these cam angles, the base motor is

commanded to rotate in incremental steps against the force

gauge, and then released. Since the output link motion is

physically constrained by the force gauge as the base motor

rotates, the output link deflects from the equilibrium position

by θ . The corresponding θ is measured using the encoder,

and the respective force is measured, as shown in the test

setup in Fig. 11. The measured force is converted into torque

which is denoted as τext . A series of five experiments were

conducted for each ϕ, and the results are reported in Fig. 12.

The mean and variance of τext is shown in solid line and

shaded area, respectively, and the dotted line represents the

theoretical value of τext computed using KM from (16) and

constant distance l. As the output link displaces from its initial

position, the soft spring reaches its deflection limit, followed

by the hard spring. This is apparent in Fig. 12, as two different

slopes, can be observed for each cam angle. When ϕ = 0◦,

both hard and soft springs contribute to the overall stiffness of

the mechanism, and when the cam angle reaches ϕ = 144◦,

soft springs are completely shut, and the major contribution

is due to hard springs. The occurrence of hysteresis is visible

in Fig. 12 and is mainly due to the indirect belt drive actuation

of the base motor and its associated compliance, as well as

the friction between the mechanical components. As a result,

the torque is different for upstream and downstream. The

mean and variance of the mechanical stiffness (first slope

and second slope as can be seen in Fig. 12), for the fixed cam

angle, is reported in the top and bottom subplot of Fig. 13.

The stiffness of the VSJM can now be set using Fig. 13.

The cam angle ϕ is found for a desired joint stiffness

using the plot in Fig. 13. This cam angle is then commanded

to the stiffness motor, which is a position-controlled servo

motor. Thus, the stiffness control of the proposed VSJM is

trivial as it just requires the position to be commanded, and

the stiffness will be maintained at the commanded level by

the cam itself due to its design, as explained in the previous

sections.

Table 2 compares the specifications of the proposed VSJM

with other existing actuators. It would not be easy to draw
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TABLE 2. Comparison of variable stiffness actuators.

FIGURE 12. Shows the comparison between the experimental data and
theoretical values, i.e., the relationship between output link angle
deflection and external torque for the fixed cam angles. The solid line and
shaded area represent the mean and variance of the experimental data,
and the dotted line represents the theoretical value.

FIGURE 13. Shows the mechanical stiffness for different cam angles.

the best configuration out of many designs available in the

prior art. However, to justify the specifications of the pro-

posed design, Table 2 could be regarded as a quantitative

assessment. Comparing the dimensions of the proposed actu-

ator with the existing VSAs (comparison is based on the

cross-sectional area), it is quite evident that the VSJM is more

compact. The compactness is attributed to the symmetric

design of the VSM, where the four springs, two on either side

of the stiffness motor, are so arranged to increase the joint

stiffness as well as to reduce the space occupied by them. The

stiffness motor consumes power only for changing the stiff-

ness. At a fixed stiffness of the joint, the stiffness motor does

not consume any power because of the cam profile design.

The stiffness motor is observed to consume a peak current

of 150mA (which gives peak power of 1.8W for 12V power

supply) when it is commanded to change the stiffness from

the minimum to maximum value. This power consumption

is significantly less when compared to the existing actuators.

The time taken for changing the stiffness from minimum to

maximum was computed based on the measured speed of

rotation of the stiffness motor (28 rpm) and was found to

be ∼90ms.

The stiffness range of the VSJM is scalable, yet, in a

practical situation, the stiffness range is limited by the motor

characteristics like peak torque (3.4Nm in our case) and peak

excitation frequency. In this prototype, the stiffness is chosen

to be less compared to other existing designs to suit the ham-

mering application. By reducing the stiffness, the excitation

frequency has been reduced. Hence the stiffness is chosen

such that the actuator excitation frequency lies well within

the bandwidth of the base motor.

A. HAMMERING TASK

To demonstrate the capability of the proposed design, we have

considered the hammering-a-nail task where the VSJM is

expected to produce an explosive movement while hammer-

ing the nail into the wooden block. For this experiment,

the mechanical energy stored by the passive spring elements

is utilized to generate the impulse at the time of hitting the

nail. The experimental setup for the same is shown in Fig. 14.

The VSA has been mounted on the fixture and is operated in

the horizontal plane. A metallic hammer is attached to the

output link to hit the nail head. A wooden block is placed in

the vertical plane and is rigidly fixed with the fixture. A nail
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FIGURE 14. Shows the experimental setup for hammering task.

FIGURE 15. Shows the flow chart describing the hammering task.

is positioned at the wooden block with a minimal penetration

and is ensured that its axis would be intersecting with the

hammerhead plane during the time of impact. By doing so,

the maximum force would be imparted, and the undesired

displacement of the nail would be avoided. A sensing probe is

connectedwith the nail to find the time of impact tim. The time

of impact is calculated from the instant when the command

signal is given to the base motor until the time instant the

impact happens. The impact is sensed by monitoring the state

of the continuity probe, which triggers an interrupt signal to

the controller, to find tim. The output link is equipped with

an appropriate quadrature encoder, and the microcontroller

reads the signal. The controller transmits the encoder value

and the sensing probe state to the system through serial

communication.

The algorithm followed to achieve the maximum velocity

of the hammer at the final position θf , i.e., just before hitting

the nail or the point of impact, is illustrated in the flow chart

shown in Fig. 15. The hammer connected with the output link

FIGURE 16. The red and blue regions represent the oscillation of output
link about the equilibrium position and base motor about the initial
position, respectively. The time of impact is indicated in green color.

FIGURE 17. Shows the image sequence of the hammering task at
different time instants starting from the equilibrium position
till the final impact.

is excited by oscillating the base motor about an equilibrium

position (indicated as a gray region in Fig. 16) to energize

the elastic elements. A sinusoidal waveform with a linearly

increasing amplitude (Pos, as given in Fig. 15) is given as

the input command to the position-controlled base motor,

as indicated in the blue region, in Fig. 16. The values of the

parameters used for the experiment that define the sine wave

are f = 1.7Hz, M = 35.160◦ and A0 = 13.2◦. The equi-

librium position (Pos_equ =160◦ CCW from the negative

Y-axis in Fig. 9) of the VSJM has been carefully chosen to be

away from the position of the nail, i.e., point of impact so that

the maximum deflection of the output link during excitation

would not be affected while energizing the mechanism. The

system will be in the oscillating phase until the output link

angle is more than the threshold angle (θThresh = 23◦).

The oscillation of the output link with respect to the base

motor oscillating trajectory is shown in red color at the top

of Fig. 16. The image sequence in Fig. 17 illustrates the

configuration of VSJM at different time instances. As the

output link reaches the maximum angle, which is monitored

by the encoder, all the gained kinetic energy is converted into

potential energy with respect to the output link equilibrium

position. At the same instant of time, at t ≈ 0.8s, a goal

state (Target_Pos = 114◦) is commanded to the position-

controlled base motor, to move towards the nail head.
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When the hammerhead hits the nail, the corresponding impact

time (tim) is recorded using the sensing probe and is high-

lighted in Fig. 16. The length of penetration of the nail

into the wooden block is measured manually, and a penetra-

tion of 2 mm is observed for each hit. From this, we have

experimentally shown how the variable stiffness joint module

could be utilized to perform explosive movements. For this

particular experiment, the cam angle has not been modulated.

The idea of finding the optimal stiffness profile to maximize

the impulsive forces by changing the cam angle would be

addressed in future work.

VII. CONCLUSION

Although many VSA designs exist in the literature, only a

few of them have considered the reduction of power con-

sumption as a design requirement. Of them, the majority

of the designs use lead screw arrangement for changing the

stiffness. Therefore, powering the stiffness motor continu-

ously is not required, and thus consumes lesser power when

compared to other designs. However, the change in stiff-

ness would not be quick due to the lead screw arrangement.

In order to tackle these issues, a new design of a variable

stiffness joint module has been presented. In this, the cam

has been designed to maintain its position without powering

the stiffness motor when the output link is in the equilibrium

position. The cam profile has been synthesized considering

the friction cones at the contacts between the cam and cam

follower to achieve a static equilibrium condition. Therefore,

the moment due to normal contact forces is balanced by the

moment due to friction at the contacts. Hence, an external

torque (i.e., powering the stiffness motor) is not required to

retain the cam position since the forces at the contact points

are statically stable. This has resulted in the stiffness motor

having zero power consumption to maintain a stiffness level

and only consuming power for changing the stiffness. The

usage of a cam for changing the stiffness has also resulted

in the mechanism being able to change the stiffness quickly

unlike other existing VSAs which use lead-screw mechanism

for changing the stiffness. The VSJM takes only 90ms to

change the stiffness from minimum to maximum, however,

the time can be further reduced by using a higher speedmotor.

In addition to that, the possibility of changing the stiffness

by two different settings as in Design1 makes the actuator

system compact and increases the mechanical stiffness range.

Though the theoretical results for both the designs are pre-

sented, experiments are conducted on the Design2 prototype.

These results are applicable for Design1 as well since the

design procedure behind the variable stiffness mechanism

is the same for both the designs. Finally, the hammering

task has been demonstrated to show the capability of VSJM

to generate explosive movements, where nail penetration as

high as 2mm per hit was achieved.
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