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ABSTRACT

A Compliant Mechanism-Based Variable-Stiffness Joint

Jacob Marc Robinson
Department of Mechanical Engineering, BYU

Master of Science

A review of current variable-stiffness actuators reveals a need for more simple, cost effec-
tive, and lightweight designs that can be easily incorporated into a variety of human-interactive
robot platforms. This thesis considers the potential use of compliant mechanisms to improve the
performance of variable-stiffness actuators. The advantages and disadvantages of various con-
cepts using compliant mechanisms are outlined, along with ideas for further exploration. A new
variable-stiffness actuator that uses a compliant flexure as the elastic element has been modeled,
built, and tested. This new design involves a variable stiffness joint that makes use of a novel
variable transmission. A prototype has been built and tested to verify agreement with the model
which shows a reasonable range of stiffness and good repeatability. Ideas for further exploration
are identified.

Keywords: compliant mechanisms, variable stiffness actuator, robotics
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CHAPTER 1. INTRODUCTION

Traditional robots use motors and rigid links to achieve motion and interact with their en-

vironment. Unfortunately, this rigidity makes most robots too dangerous to work with humans,

whether in close proximity or in direct contact. If a robot encounters an unexpected object along

its trajectory, whether it be a wall or a person, the result can be destructive to both the robot and

the obstruction. Two main approaches to overcoming this challenge have been explored: software

compliance and intrinsic compliance. In software compliance, sensors recognize collisions or im-

pending collisions and the controller responds in a variety of ways, from shutting down the robot to

simulating an elastic response [1]. While new methods and algorithms have helped to make robots

safer, the response time is limited by the bandwidth of the controller [2]. Intrinsic compliance

attempts to reduce these instantaneous impact forces by introducing an elastic element between

the actuator and the load. This intrinsic compliance responds without bandwidth delays when an

impact occurs. While this compliance can make a robot safer, it may degrade the performance of

the robot in other ways, including its accuracy in position control applications.

In this thesis, current devices that use intrinsic compliance are reviewed, namely variable

stiffness actuators (VSAs). The use of compliant mechanisms in VSAs is investigated and new

concepts to this approach are described and analyzed. Finally, the design and testing of a new

VSA that incorporates a compliant mechanism is described. This chapter gives a background of

VSAs, compliant mechanisms, and the state of current VSA devices.

1.1 Background

1.1.1 Variable Stiffness Actuators (VSAs)

Variable stiffness actuators incorporate elastic elements, typically between the actuator and

the joint axis, with a stiffness that can be changed programmatically [3]. This adds another de-
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gree of freedom (stiffness) to each joint that can be incorporated into the control of the robot and

therefore improve the performance in certain applications. An ideal variable-stiffness actuator will

increase the safety of a robot while maintaining the robot’s performance. To do this, a VSA needs

to include:

1. Large stiffness range (ideally a completely rigid state for high precision tasks and a low

stiffness for safe interactions)

2. Usable deflection range (be able to absorb energy from impacts)

3. Compact design (be able to fit in a robot joint)

4. Minimal energy consumption to maintain stiffness (ideally, when set to a certain stiffness,

the joint will not require actuator effort to maintain that stiffness)

5. A relatively simple design (to increase the ease of manufacture)

Based on the need for improved actuators to improve the safety, cost, and portability of

robots, and in response to the deficiencies in current variable-stiffness actuators, the goal of this

research is to explore the use of compliant mechanisms in variable-stiffness actuators. Compliant

mechanisms may provide benefits in the simplicity, cost, and weight of variable-stiffness actuators.

1.1.2 Compliant Mechanisms and Variable Stiffness

Compliant mechanisms are devices that transfer an input force or displacement to another

point through elastic body deformation. These mechanisms are becoming more common because

they offer advantages such as increased performance, lower cost, reduced weight, lower part count,

improved simplicity, and the ability to miniaturize [4]. From expanding solar arrays [5] to synthetic

intervertebral discs [6], compliant mechanisms are changing the way engineers design movable

devices. Compliant mechanisms have been explored in a limited sense in robotics [7,8] and haptic

interfaces [9–13]. In this thesis we present considerations that will enable the incorporation of

compliant mechanisms into the design of variable-stiffness actuators for robotics applications.

Compliant mechanisms typically rely on large-deflection beam elements, which are diffi-

cult to model and analyze. To simplify analysis, compliant mechanisms can be represented by the
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pseudo-rigid body model, which models a flexible joint as a cantilever pin joint with a concentrated

torsional spring (see Figure 1.1).

Figure 1.1: The pseudo-rigid body model of a flexible cantilever beam is a cantilever pin joint with
a concentrated torsional spring. Alternatively, this model also suggests compliant replacements for
typical rotary joints and rigid links.

The stiffness of the “pseudo-rigid body joint” for a cantilever beam can be simplified to

K =
Kθ γEI

L
, (1.1)

where E is the modulus of elasticity, I is the cross-sectional area moment of inertia, L is the length

of the beam, and Kθ and γ are constants that depend on the direction of the applied force (F).

In addition to serving as a modeling tool, the pseudo-rigid body equivalent suggests compliant

replacements for typical rotary joints and rigid links. Figure 1.1 illustrates the replacement of a

rigid arm and a rotary joint by a large-deflection cantilever beam.

The reduction of parts and the simplified stiffness analysis make compliant mechanisms

potentially advantageous in variable-stiffness actuators. The greatest challenge when using com-

pliant mechanisms in VSAs is achieving a wide range of stiffness while maintaining a usable range

of deflection all in a functional size. Increasing the stiffness of a compliant beam generally means
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the range of motion of that beam must be reduced to prevent exceeding the stress limits of the

beam.

1.2 Literature Review

VSAs can be broadly grouped into antagonistic or serial configurations, depending on the

approach to achieving the controllable stiffness. The following is a brief explanation of these two

types of VSAs and current devices which employ them.

1.2.1 Antagonistic Configuration

Antagonist configurations generally work in a manner similar to human muscles as shown

in the top half of Figure 1.2. The joint angle changes as the two motors move in tandem. As the

motors move in opposite directions (antagonistically) the springs are stretched, which pretensions

them and the overall joint stiffness increases.

Figure 1.2: Schematic representations of antagonistic (top) and serial (bottom) VSA configura-
tions.

Analysis of current antagonist configurations [14–19] reveals that they fail to meet nearly

all of the requirements listed above. For example, [18] developed a biologically inspired antago-

nistic VSA that is similar to the top half of Figure 1.2, except it uses nonlinear spring mechanisms
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in place of the traditional springs. Since the springs must be stretched to increase stiffness, there

is a fairly low limit to the maximum stiffness available. Furthermore, as the stiffness increases

by deflecting the springs antagonistically, the range of deflection decreases since the springs have

already been deflected. This relationship (stiffness to range of deflection) is the key limiting factor

for any VSA configuration, however, antagonistic configurations perform very poorly as compared

to some serial configurations.

The VSA-CubeBot [14] is an antagonistic VSA that is highly compact and modular. The

device employs two hobby style servos in a compact unit with springs set up in a variation of the

diagram in Figure 1.2. When a certain level of stiffness is set, the springs are stretched and the

device must continue exerting effort to maintain that stiffness. This is inefficient and requires larger

actuators to achieve moderate stiffness settings. Another drawback to these devices is that the

springs needs to have a nonlinear force-deflection relationship to obtain adaptable compliance [20].

In summary, antagonistic VSAs have small stiffness ranges with a low maximum on that

range, have an adverse stiffness-to-range of deflection relationship, and are energy inefficient.

1.2.2 Serial Configuration

In serial configurations, the variable-stiffness element is in series with the joint motor and

the load, as illustrated in the bottom half of Figure 1.2. This configuration can also be implemented

using a series elastic element with a constant stiffness. These devices are called series elastic

actuators and use various control methods to vary the forces felt at the load [20, 21]. Series VSAs

can be further classified by how the stiffness is varied:

1. Changing physical properties of the spring – this approach includes changing the elastic

modulus, cross sectional area [22], or active length of the spring [23].

2. Changing transmission between load and spring – this approach includes variable transmis-

sions such as changing lever lengths [24, 25] and continuously variable transmissions [26].

Variable-stiffness actuators that employ a serial configuration vary widely in their design

and performance. However, analysis of current serial VSA designs shows that the best (as defined

by the criteria listed above) applications of the serial configuration use the variable transmission
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approach [24–27]. Ideally a variable transmission can produce virtually infinite stiffness ranges

while using little to no energy consumption. For example, Figure 1.3 shows the functional diagram

of the CompAct-VSA [25] variable stiffness joint that uses a variable transmission. While the

stiffness of the physical springs remain constant, the position of the fulcrum changes transmission

of force to the springs. As the fulcrum approaches the springs, the overall joint stiffness approaches

zero, while at the other end the stiffness approaches infinite. If the fulcrum were actuated using

a non-backdrivable mechanism, the actuator would only use energy to change stiffness, not to

maintain it.

Figure 1.3: A variable-stiffness joint using a variable transmission.

In summary, transmission VSAs exhibit a wide range of stiffness (ideally infinite) while

using little energy consumption. The range of deflection is still adversely related to the stiffness,

though the relationship can be more explicitly controlled in the design of the mechanism. The

major drawback of this approach is that the physical realization of the variable transmission mech-

anism tends to be complex and costly, such as with the transmission VSA called MESTRAN [26].

This device can achieve an infinite stiffness range while maintaining a good range of deflection,

but the mechanism is large and complex with many gears, cams, and sliding parts. Replicating and

incorporating a device such as this in a robot would be difficult and costly.

1.3 Motivation

The motivation for this research stemmed from work by the author in robot-assisted autism

therapy. A robot named Troy has been built at Brigham Young University to assist therapists in

the treatment of children with autism spectrum disorders [28]. Therapists use Troy to engage the
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children in interactive and social activities [29] [30]. However, because Troy was constructed using

traditional motors and rigid links, the robot is not safe enough to be in close proximity with the

children. There is a clear need for a simpler, more modular VSA that could be used to increase

the safety of robots such as Troy. With safety as the primary consideration, the present work

investigates the benefits of incorporating compliant mechanisms to achieve these goals. While the

resultant design must be improved to be used in robots such as Troy, this exploration provides

insights into compliant VSA design.

1.4 Contributions

In this research, a new VSA that incorporates a compliant mechanism has been designed,

built, and tested. Through the exploration of various compliant VSA concepts and ultimately the

design of a new device, the following achievements have been accomplished:

• Identified the strengths and weaknesses of the main approaches to VSA design in the context

of safety, modularity, and efficiency

• Identified considerations in the design of compliant mechanism-based VSAs

• Developed a new compliant VSA based on a novel variable transmission mechanism

• Developed and validated a model of the new compliant VSA design

In summary, this research constitutes a more in-depth look into an unexplored area of

VSAs: the use of compliant mechanisms. The resultant findings and new device have shown that

compliant mechanism are a viable option for VSA designs and may provide significant advantages

in reducing complexity while improving performance.

1.5 Thesis Overview

The remainder of this thesis will be organized as follows:

• Chapter 2 describes several concepts that incorporate a compliant mechanism along with

analyses of each.
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• Chapter 3 describes the design of a new compliant VSA along with a model of the variable

joint stiffness.

• Chapter 4 details the experimental setup and results from testing the model described in

Chapter 3.

• Chapter 5 includes conclusions about the new compliant VSA design as well as a summary

of lessons learned about incorporating compliant mechanisms into VSA design and possible

future contributions to this area.
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CHAPTER 2. COMPLIANT VARIABLE-STIFFNESS ACTUATOR CONCEPTS

2.1 Introduction

This chapter summarizes a variety of novel approaches explored by the author to incorpo-

rate compliant mechanisms into variable-stiffness actuators. The discussion includes strengths and

weaknesses of each approach, analyses of key performance criteria, and lessons learned that can

inform future compliant mechanism VSA designs.

2.2 Antagonistic (spring pre-load)

As described in the previous chapter, an antagonist configuration uses two actuators. To

change joint position the actuators move in tandem and to change stiffness the actuators move in

opposite directions and the springs are pre-loaded. One of the major drawbacks of pre-loading

the spring is that in order to increase stiffness, the range of deflection must be sacrificed because

springs have a limited range of deflection. This is especially true of compliant mechanisms.

One way to create an antagonist VSA using compliant mechanisms is to attach the load (the

output link in a robot arm, for example) to two L-shaped flexures. Figure 2.1 shows a conceptual

compliant joint (left) with a the pseudo-rigid body equivalent (center and right). The joint is made

up of two compliant L-shaped flexures that are fixed together at 1 where the load is applied. 2 and

3 are connected to motors M1 and M2 respectively. 1, 2, and 3 travel through the channel between

the rings, thus pivoting about the joint axis, and the rings are fixed to ground. In the pseudo-rigid

body equivalent, torsional springs are present at each pin joint. Figure 2.2 illustrates the function

of the joint. When a load is applied at 1, the input is deflected with a restoring torque dependent

on the joint stiffness (Figure 2.2a). The joint stiffness is determined by the relative positions of

M1 and M2. As M1 and M2 move in opposite directions, the joint stiffness changes (Figure 2.2b),

while moving them in the same direction changes the joint position (Figure 2.2c). It is important
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to note that the corner of the L-shaped flexures are not constrained to the joint axis and are free to

move about in the plane.

Figure 2.1: Left: Compliant antagonistic VSA conceptual design. The load is attached at 1 to two
separate L-shaped flexures that can move independently. Motors M1 and M2 are attached at 2 and
3 to control to stiffness and joint position. Center and right: The pseudo-rigid body model of the
compliant VSA. Flexible members are replaced with rigid links, pin joints, and torsional springs
at the pin joints.

Figure 2.2: Compliant antagonistic VSA functional design. When a load is applied at 1, the input
is deflected (a). Changing the position of M1 and M2 in opposite directions changes the joint
stiffness (b), while changing M1 and M2 in the same direction changes the joint position (c).
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This concept has the benefit of simplicity since the main components for transmitting forces

are the springs themselves. These flexures could be easily manufactured, possibly as one piece,

and assembled with two hobby servos for M1 and M2. However, this design has some of the same

drawbacks as other antagonistic VSAs as outlined below.

1. The minimum and maximum joint stiffness is primarily dependent on the dimensions and

material properties of the L-shaped flexures. Since the range of stiffness is relatively small,

using flexures with low initial stiffness will allow for a more flexible joint (low minimum

stiffness), but the maximum stiffness state would be far from rigid.

2. Increasing the stiffness requires an initial deflection which detracts from the allowed input

deflection induced from a load on the joint. This degrades the performance of the mechanism

and adds a new mode of failure that could limit the actuator’s load capacity.

3. Since the spring-back torque from an input deflection acts on both the input load and the

M1 or M2 (depending on the input direction), M1 and M2 torque requirements are directly

related to the maximum stiffness. In fact, in a given stiffness setting, such as shown in Figure

2.2b, the spring-back on an input deflection will be the difference between the spring-back

torque of both L-shaped flexures. This is because deflecting the input (1) would cause one

L-shaped flexure to be deflected more while the other would move toward an undeflected

position. This difference means that the torque felt on the input (1) for a given deflection

will be less than what M1 or M2 must provide. Thus the joint actuators would need to be

over-sized for position control in order to control joint stiffness.

2.3 Changing Physical Properties of the Spring

2.3.1 Additive Concept

One way to change stiffness by changing the physical properties of the spring is to add

and remove thin flexible layers to the effective spring (see Figure 2.3). Adding layers effectively

increases the cross-sectional area moment of inertia (I) while all other parameters in equation 1.1

remain constant. This has the desired effect of increasing stiffness without increasing stress. The
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range and resolution of joint stiffness would be determined by the cross-sectional dimensions of

the incremental beams and whether each successive layer was the same as the previous.

Figure 2.3: A conceptual diagram of adding layers to increase stiffness.

If successive beams maintained the same dimensions and stiffness, then achieving a wide

stiffness range with a low minimum stiffness would require many individual flexures. For example,

if a stiffness range of 0.1 - 10 Nm/rad were desired, the incremental beam stiffness would be 0.1

Nm/rad. In order to achieve the high stiffness setting, up to 100 flexures would need to be stacked.

If successive beams increased in individual stiffness then the device will require fewer layers, but

will also exhibit the same adverse stiffness to range of deflection relationship as the previously

described approaches. Furthermore, the mechanical complexity of engaging and disengaging this

many layers makes this method nearly impossible to construct.

2.3.2 Spring Length

Another way to change the stiffness of a compliant joint is to change the effective length of

the compliant beam. Since the pseudo-rigid body stiffness is inversely proportional to the length of

the beam, shortening the beam will increase the stiffness (see equation 1.1). However, as stiffness

increases so does the stress for a given deflection. To continue increasing stiffness, the range of

deflection begins to decrease very quickly. This relationship was examined using a hypothetical

open-cross CR joint (OCRJ) with a variable effective length. The OCRJ is a torsional joint that

uses four rectangular thin flexures fixed at both ends in a cross formation and rotates about the axis

that lies down the middle of the cross [31] (see Figure 2.4). The stiffness of the joint can be varied

by changing the effective length of the flexures and is given below [32]. Mounting this variable

stiffness joint in series with a traditional actuator would produce a compliant VSA.

The overall joint stiffness is given by [32] as
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Figure 2.4: Conceptual diagram of the open-cross compliant revolute joint (OCRJ). As the effective
length is changed the stiffness of the joint varies.

K =
12EI(w+g)2

L3 +
4GKt

L
(2.1)

where E is Young’s modulus, I is the cross-section area moment of inertia, w is the width of the

beams, g is the gap between the beams, L is the effective length of the beams, G is the shear

modulus, and Kt is the stiffness of the individual beams given by

Kt =
wt3

16

[
16
3
−3.36

t
w

(
1− t4

12w4

)]
(2.2)

where t is the thickness of the individual beams. The range of motion of the OCRJ for a given

effective length is

Range of Motion (±rad) =
0.577σyL2Q[

2.25(EQt)2(w+g)2 +3(KtGL)2
]1/2 (2.3)

where σy is the yield stress, and Q is defined as

Q =
w2t2

3w+1.8t
(2.4)

Figure 2.5 shows the relationship between stiffness and maximum deflection as the effective

length of an open cross revolute joint is changed. In this analysis, the OCRJ is comprised of four

polypropylene flexures having cross-sectional dimensions of 3.0 x 0.35 mm and a total length of

40 mm. As shown in Figure 2.5, as the effective length is changed, this joint can change from an
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infinite stiffness to a moderately low stiffness while maintaining a usable range of deflection, even

in the high stiffness settings. For example, with an effective length of 10 mm the joint stiffness is

22.2 Nm/rad and the maximum joint deflection is 12.8 deg. The joint can be brought to an infinite

stiffness by bringing the effective length to zero, however, the minimum stiffness setting is limited

by the overall joint size which limits the length of the flexures.

Figure 2.5: The stiffness and maximum deflection ranges for an open-cross CR joint [31] with a
variable effective length.

While this design has promising stiffness and deflection ranges, the difficulty lies in con-

structing the OCRJ with a variable effective length. Changing the length of a compliant beam

requires an interface between the beam and the load that is rigid but capable of linear motion
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along the beam. This is a challenge for any compliant variable stiffness joint design that utilizes a

changing beam length as the method of stiffness adjustment, but is particularly challenging for a

torsional member, such as the OCRJ.

One concept that may help alleviate this problem is shown in Figure 2.6, which is a cross-

sectional diagram of the flexures and the component that engages them. Instead of engaging the

flexures through slits in the fixture, only one side of each flexure would be engaged. To make

sure that the spring-back torque is felt in either direction of rotation, half of the flexures would be

engaged in one direction of motion, and the other half would be engaged in the other direction. That

way tolerance stack-up in manufacturing would not cause any binding or gaps between interfacing

parts.

Figure 2.6: Concept of OCRJ cross section showing a way to engage the compliant flexures while
avoiding binding issues.

Along with a good stiffness-to-range of deflection relationship, one other possible advan-

tage to the OCRJ is the potential for a compact size. Since the joint uses compliant flexures that

are spread out in a radial pattern about the joint axis, it would be possible to overlap the joint motor

with the OCRJ along the joint axis. Figure 2.7 shows how the joint motor could be placed inside

the compliant flexures that surround it. The VSA will still use a serial approach, with the output

shaft of the joint motor attached to the upper link and the input attached to the lower link (such as
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a robot arm), but the length of the joint motor can now overlap the length of the OCRJ. This will

help reduce the overall size of the VSA.

Figure 2.7: OCRJ concept showing how the variable-stiffness joint can be built concentrically
outward around the joint motor. Not shown in this schematic is the linear actuator necessary to
control the effective length of the beams.

These improvements to the OCRJ may allow for the building and testing of a VSA, based

on this variable-stiffness joint, that is more compact and can provide a wider range of stiffness

while maintaining a larger range of deflection.

2.4 Changing Transmission Between Load and Spring

Changing the length of a compliant beam can be challenging mechanically, and can also

quickly diminish the range of deflection as the stiffness increases. By varying the transmission of

deflection from the input link to the compliant beam, the deflection of the compliant beam can be

made much less than the deflection of the input link. This allows a wider range of joint deflection.

Using a variable transmission provides the possibility of achieving an infinite stiffness range while

using minimal energy to control stiffness.

The downside to this approach is that it requires an added mechanism to perform the vari-

able transmission between the load and spring, adding bulk and complexity to the VSA. With

traditional springs this includes a mechanism to convert rotational motion of the joint to translation
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of the spring. The benefit of using compliant mechanisms is the inherent rotational motion of these

mechanisms. This means the only mechanism needed is a variable transmission between the load

and the spring. Since current variable-transmission VSAs exhibit wide ranges of stiffness while

maintaining good range of motion at minimal energy expense, the use of compliant mechanisms

showed a good likelihood of decreasing the size and complexity of these devices while maintaining

performance.

Ideally a fully compliant mechanism could be designed which incorporates a transmission

and spring in one mechanism. The current work has investigated the design of a variable stiffness

compliant joint that uses a compliant flexure attached to a transmission using traditional pins and

joints. While not fully compliant, the novel transmission mechanism used in this new variable-

stiffness joint is still much simpler in construction than most current variable-transmission VSAs.

The design and model of this variable-stiff joint are described in the following chapters.

2.5 Chapter Summary

This chapter was a summary of the various compliant VSA concepts that were investigated,

based on traditional and nontraditional VSA approaches. The advantages and disadvantages of

each concept were presented. A transmission approach was identified as the most feasible solution

to designing a compliant VSA that could meet the requirements listed in Chapter 1. The following

chapter is a description of a new compliant VSA that uses a novel transmission to achieve variable

stiffness.
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CHAPTER 3. A VARIABLE-TRANSMISSION COMPLIANT VSA DESIGN

3.1 Introduction

A new variable-stiffness joint has been designed that uses a flexible beam as the spring

connected to a variable-transmission mechanism. Using a variable transmission offers the pos-

sibility of a wide range of stiffness while maintaining a usable deflection range and consuming

minimal energy for stiffness control. The challenge of this approach is achieving these qualities in

a compact mechanism. The mechanism presented in this chapter is simpler than other transmis-

sion VSAs that use traditional springs because it uses a compliant beam in connection with a novel

variable transmission. This chapter discusses the design and modeling of such a joint. Chapter 4

will then present testing, results, and experimental validation of the model.

3.2 Functional Description

The new variable-stiffness joint employs a variable transmission that changes the ratio be-

tween input deflection and deflection of the compliant beam (spring). Since changing the length

of a compliant beam quickly diminishes the range of deflection, this device keeps the length of

the compliant beam constant. The compliant beam is connected at one end to a rigid lever that is

pinned at the point where the characteristic pivot (pseudo-rigid body joint) of the compliant beam

is located, as shown in Figure 3.1(a). Since the rigid lever rotates about an axis that is coincident

with the characteristic pivot of the compliant beam, the spring-back force from the compliant beam

can be represented as a force acting normal to the rigid lever, as shown in Figure 3.1(b).

The input link is the part of the VSA that is connected to the load (such as a robot arm) and

can be easily deflected when the VSA is in a “flexible” state. The rigid lever and input link rotate

about two different points and are coupled by a variable pivot point (see Figure 3.1(c)). The pivot

point can be moved along a line that is collinear with the input link. The variable transmission is
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(a) (b)

(c)

Figure 3.1: A functional diagram of the transmission compliant VSA. The rigid lever is pinned at
one end to a compliant flexure which provides a spring-back force as seen in (a) and (b). The input
torque applied to the joint (such as a collision) is coupled with the rigid lever through the pivot
point (c). Since the input link and rigid lever are pinned at non-concentric centers, deflection of the
rigid lever, θ , (and therefore the spring-back force) is dependent on the deflection of the input link,
φ , and pivot point position, l2. The position of the pivot point is controlled using a linear servo that
is rigidly attached to the rigid lever. This means the pivot point rotates about the rigid lever pivot
and l3 is dependent on the deflection, φ .

achieved through changing the position of the pivot point. When the pivot point is aligned with the

pivot for the input link, deflecting the input link causes no vertical displacement of the pivot point,

and thus no spring deflection. When the pivot point has moved some distance (l2) away from the

input link pivot, the input deflection (φ ) is transmitted to spring deflection (θ ) by
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tan(φ) =
(l2 +dc)sin(θ)

(l2 +dc)cos(θ)−dc
, (3.1)

where l2 is the distance of the pivot point from the pivot of the input link, and dc is the distance

between the pivots of the rigid lever and the input link. The pivot point is moved using a linear

servo that is fixed to the rigid lever and rotates with it. Thus the variable pivot point rotates around

the pivot of the rigid lever when an input deflection is introduced. This is explained in Figure 3.1(c)

as the distance (dc + l2) is constant while the distance l3 is dependent on the deflection angle (φ ).

When φ = 0, l2 = l3.

3.3 Variable Stiffness Model

The overall joint stiffness is determined by the distance between pivots (dc), the dimensions

of the compliant beam, and the position of the pivot point (l2) when φ = 0. These parameters also

affect the range of possible deflection, the range of stiffness, and the overall size of the joint. To

maximize the range of stiffness while maintaining a smaller form factor, the maximum width and

length of the compliant beam were set along with the distance between pivots (dc). The deflection

of the spring was set to a maximum of five degrees and then using stress as the limiting factor,

the maximum thickness of the compliant beam was determined to maximize the stiffness of the

compliant beam.

From a static analysis, the resulting spring force on the rigid lever can be shown to be

R =
Kθ

γL
, (3.2)

Through kinematic analysis, the resultant torque on the input link can be shown to be

T =
RLγl3

cos(φ −θ)(l2 +dc)
, (3.3)

where

l3 =
(l2 +dc)sin(θ)

sin(φ)
. (3.4)
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Figure 3.2(a) shows that for a given pivot point position (l2), the predicted torque-displacement

relationship is nearly linear. Thus the overall joint stiffness (Kt) is found using a linear fit of the

torque-displacement model for a given pivot point position (l2).

3.4 Variable Stiffness Joint Design

A prototype of the new variable stiffness joint was designed using a compliant beam of

50 mm length and 50 mm width, a distance between pivots (dc) of 15 mm, and a maximum l2

of 24 mm. Using polypropylene (E = 1.25 GPa) the maximum thickness of the compliant beam

was determined to be 4 mm to achieve a safety factor of 2 with respect to the yield stress of 32.2

MPa. To simplify the construction, the nearest available polypropylene sheet thickness of 3/16

in. (4.76 mm) was used. Using a slightly thicker compliant beam meant that higher joint stiffness

would be possible at the expense of range of deflection. Figure 3.2(a) shows the predicted torque-

displacement response for various locations of the pivot point (l2) using the model described by

equations (1.1), and (3.1) - (3.4).

(a) (b)

Figure 3.2: (a) Overall joint input torque and stiffness response over the range of pivot point
positions (l2), (b) Overall joint stiffness over the range of pivot point positions (l2)

The input deflection (φ ) is limited to the point where the compliant beam would be at its

maximum allowable stress (Sy/2), or in other words when θ = 5 deg. The model predicts a range
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of stiffness of 0 - 9.28 Nm/rad and at the maximum stiffness setting the maximum input deflection

is φ = 9.7 deg. As the overall joint stiffness is reduced, the transmission ratio decreases so that a

given input deflection, φ , results in a smaller spring deflection, θ . Thus decreasing the stiffness

equates to decreasing the stress for a given input deflection, φ , and the maximum input deflection,

φmax, is increased. The maximum stiffness could easily be set to infinite by designing a physical

stop that would lock the pivot point in place when l2 was at its maximum distance. However, this

prototype does not include this feature and thus the predicted maximum stiffness is 9.28 Nm/rad.

Figure 3.3: CAD representation of the physical prototype for the new variable stiffness actuator.

Figure 3.3 is a CAD representation of the physical prototype that has been built and tested.

In this figure the new compliant variable-stiffness joint is attached to a servo motor that would serve

as the joint position actuator. As stated, one goal of this design was to make a variable-stiffness

joint that could be attached to a variety of joint actuators to allow traditional robots to be eas-

ily modified to incorporate variable-stiffness actuators. The new compliant variable-stiffness unit

combined with a joint actuator forms a complete variable stiffness actuator, although the current

form of the variable-stiffness unit is too large and heavy for practical application.

Figure 3.4 shows how the position of the pivot point changes the deflection of the rigid

lever for a given deflection of the input link. As the rigid lever arm is deflected, it also deflects

the spring the same amount. Thus changing the pivot point position (l2) from 6 mm to 22 mm

increases the deflection of the spring and therefore the spring back force for the same input joint

deflection φ .
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Figure 3.4: Demonstration of how changing the pivot point position (l2) changes the transmission
of the input link (red) deflection (φ ) to the rigid lever/spring (blue) deflection (θ ).

The physical prototype was 3-d printed in polished Alumide (see Figure 3.5). A PoteNit

PLS-3050 linear servo was used to control the position of the pivot point. This servo required

12 V to achieve a maximum thrust force of 20 N through a self-contained lead-screw mechanism.

Control of the linear servo was accomplished using PWM position control signals from an Arduino

microcontroller. In a robot joint context, the robot controller would control the joint angle and

stiffness separately. The current design does not include feedback of the joint deflection. Future

designs would need to incorporate this feature to achieve closed-loop control of joint position.

Figure 3.5: Prototype of the new compliant variable-stiffness joint which utilizes a variable trans-
mission mechanism. The main components of the device were 3-d printed in polished Alumide.
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3.5 Chapter Summary

This chapter described a new compliant VSA that uses a novel transmission approach. The

resultant design is simpler than most other transmission VSAs which is due to the use of a novel

“pivot point” transmission coupled with a compliant flexure. A model of the joint stiffness has also

been presented. The following chapter explains the methods and results from testing the physical

prototype of this mechanism.
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CHAPTER 4. TESTING AND VALIDATION

4.1 Introduction

The model described in Chapter 3 was validated by testing the physical prototype on an

Instron tensile tester. This chapter describes the testing procedure and results. The results show

the device achieves variable stiffness with good repeatability. However, a slight offset in the model

compared to the data was also revealed. This discrepancy is explained and accounted for in the

model and the resulting calibrated model then matches the data from the Instron testing.

4.2 Experimental Setup

For this new compliant VSA to be used in a robot joint, the stiffness needs to be known

at all times. Chapter 3 explained the model used to find stiffness as a function of the pivot point

position (l2). The test described below was performed to check the accuracy of the model against

the performance of the physical prototype.

The prototype was mounted in a fixture that allowed the vertical motion of the Instron to

apply a torque to the input link, as shown in Figure 4.1(a). This was accomplished by mounting

the base of the compliant VSA to the lower grip of the Instron while the input link was pinned

to a link that was pinned on its top side to the upper Instron grip. The force gauge made up this

connecting link and therefore tensile forces were measured along the direction of this link.

The compliant VSA was tested in seven different stiffness settings with two tests being

performed at each setting. The order of the stiffness setting was randomized to avoid any unknown

effects of ordering. The stiffness is determined by the location of the pivot point (l2) which is set

using the linear servo. The servo was controlled using an Arduino microcontroller with a button to

change the stiffness position. The accuracy of the servo in positioning the pivot point for each run
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was verified using a caliper measurement. Tensile force measurements were then recorded as the

Instron moved vertically at a rate of 0.01 in/sec.

The measured tensile force and Instron displacement were then translated into angular dis-

placement and applied torque using the known dimensions and kinematics of the fixture. Figure

4.1(b) shows the kinematic chain used in the test fixture. The angle ψ was introduced to find the

components of the force gauge measured tensile force (Fm) that cause a torque (T ), not shown, on

the input link about the joint axis.

(a) (b)

Figure 4.1: (a) Photo of compliant VSA mounted to Instron for testing. (b) Schematic representa-
tion of the kinematic chain used in the Instron fixture. The dotted lines are the undeflected position
of the fixture.

The angles ψ and φ are functions of the Instron displacement (dy) and fixture dimensions.

To aid in the kinematic analysis, the angles α and α0 were introduced, where φ = α −α0. A

kinematic analysis of the test fixture yields two independent equations that relate dy, ψ , and α:

h+dy = csin(ψ)+d sin(α) (4.1)

d cos(α) = ccos(ψ) (4.2)
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where h, c, and d are constant dimensions of the test fixture. Equations (4.1) and (4.2) can be

solved to find α in terms of the Instron displacement (dy):

α = sin−1
(
−c2 +(h+dy)

2 +d2

2d(h+dy)

)
(4.3)

From equation (4.2), ψ can be found to be

ψ = cos−1
(

d
c

cos(α)

)
(4.4)

A static analysis of the fixture shows the torque about the joint axis is

T = Fm[sinψ(ycosφ − zsinφ)+ cosψ(ysinφ + zcosφ)] (4.5)

4.3 Results

From the applied torque calculated in equation (4.5), the model was plotted against the

data (see Figure 4.2). The solid lines are the model torque-displacement curves for each stiffness

setting, while the test data are shown by the dashed lines.

Figure 4.2: Torque-displacement plot of initial model overlaid with test data (dashed lines). There
is a discrepancy between the model and data that is likely due to unmodeled flexibility in the
components of the variable-transmission.
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This figure shows a discrepancy between the model and the test data, suggesting that the

prototype was less stiff than predicted. The difference between the model and data is likely due

to unforeseen compliance in the device. This is as expected, because unmodeled compliance in

series with the modeled compliance can only serve to decrease the overall measured stiffness.

Furthermore, variability in the modulus of elasticity may be another source of error. The model

was calibrated to the data using a stiffness calibration factor (λ ), so that the calibrated modulus of

elasticity is E∗ = λE. After comparing the predicted and actual stiffnesses qualitatively, the value

of λ that reduced the discrepancy best was 0.5405.

4.4 Validation

Figure 4.3 shows the results of the Instron test (dashed lines or crosses) overlaid on the

calibrated model (solid lines). The results validate the model-predicted stiffness (4.3(b)) for a

given pivot point position (l2), however the nominal torque for a given stiffness and deflection is

offset in the prototype due to static friction, as seen at the low deflection range in Figure 4.3(a).

This friction offset is dependent on direction of motion, the rate of motion, and the stiffness setting.

The calibrated model now shows that the device is less stiff than originally predicted with

a maximum stiffness 5.16 Nm/rad as opposed to 9.28 Nm/rad. Since the prototype is less stiff

than expected, it is also capable of more deflection with a maximum deflection of 18 degrees

at the maximums stiffness. The prototype in its current state in a robot joint would maintain

controllable stiffness, however, the small maximum stiffness may not allow the robot to be precise

in dynamic movements. In some circumstances this may be unacceptable. However, in a situation

such as autism therapy, where safety is the main concern, this lack of precision may be allowable

as long as the maximum stiffness is high enough to achieve adequate motion. The most important

consideration may be the ability to achieve a low stiffness state. This would ensure the safety of

the robot should a child apply excessive force that would otherwise break the joint components.

The new compliant VSA achieves this in a design that is simpler than many other transmission

VSAs.

Finally, a qualitative test was performed to verify the performance of the variable-stiffness

joint. This was done by mounting the variable-stiffness joint on a hobby servo (HS-322HD) that

rotated 90 degrees with an obstruction (a half full bottle) placed in its path. The joint was first set
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(a)

(b)

Figure 4.3: (a) Model-predicted torque (solid lines) versus displacement overlaid with the Instron
test results (dashed lines). The offset between the model and data is due to friction in the prototype.
(b) Model-predicted stiffness versus pivot point position (l2) overlaid with the stiffness calculated
from the Instron tests.

to a low stiffness with the pivot point at l2 = 4mm. When the robot arm (a blue paddle) came in

contact with the bottle, the arm deflected out of the way, not moving the bottle. Then the joint

move back to the initial position and changed the stiffness to a higher setting (l2 = 20mm). This

time the 90 degree rotation of the servo caused the robot arm to push the bottle over (see Figure

4.4).
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(a) (b)

(c) (d)

Figure 4.4: Images from a demonstration of the variable-stiffness capabilities of the new compliant
based VSA. (a) The stiffness is set low (l2 = 4mm). (b) Then the joint servo actuates the joint 90
degrees and the paddle attached to the input link deflects due to a collision with a bottle. (c) The
servo returns the joint to zero and the stiffness is increased (l2 = 20mm). (d) The joint is then
actuated 90 degrees again and this time the bottle is pushed out of the way of the paddle.
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CHAPTER 5. CONCLUSIONS

This research investigated the possibility of using compliant mechanisms in VSA design.

From this a detailed summary of current VSA technologies and possible compliant VSA concepts

have been presented. A new variable-transmission compliant VSA design has been described along

with testing and validation of a physical prototype. This chapter summarizes the accomplishments

of this work and presents ideas for future research in compliant VSA design.

5.1 Accomplishments

In this thesis, various compliant VSA concepts have been presented and analyzed with

safety and modularity as the key goals. Compliant mechanism-based VSAs have some of the same

trade-offs as other VSAs such as an inverse relationship between maximum stiffness and maxi-

mum deflection. However, these concepts have shown that compliant mechanisms may provide

considerable benefits in the simplicity, cost, and weight of variable-stiffness actuators. While the

concepts presented in this paper have their limitations, these approaches to variable-stiffness de-

vices merit further exploration. The following is a summary of the potential for each compliant

VSA approach with respect to the design requirements outlined in Chapter 1.

5.1.1 Antagonistic

Large Stiffness Range – In general, an antagonistic approach does not provide a large range of

stiffness. This is because increasing the stiffness requires loading the springs, which are limited by

the yield stress.

Usable Deflection Range – The yield stress of a spring can be expressed as a maximum deflection.

To increase stiffness of the springs, a portion of this limited range must be used. Therefore, in-

creasing the stiffness directly decreases the range of deflection allowed from external deflections

(such as collisions).
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Compact Design – Antagonistic designs have the potential to be very compact since the variable-

stiffness and positioning mechanisms are one and the same. However, higher stiffnesses require

larger motors to pretension the springs and resist external deflections.

Minimal Energy Consumption – To maintain a given stiffness setting, the motors must continually

exert effort, making antagonistic designs inefficient actuators.

Simple Design – A compliant mechanism-based antagonistic VSA has the potential for simplicity

since there is not a necessity for complex mechanisms to achieve transmissions or change beam

length.

5.1.2 OCRJ based VSA (changing beam length)

Large Stiffness Range – The OCRJ based VSA is capable of infinitely high stiffness and a low

stiffness limit that depends on the design.

Usable Deflection Range – This joint still suffers from a negative relationship between stiffness

and range of deflection, however this work has shown that a reasonable range can be designed. For

example, in the analysis in Chapter 2 the OCRJ was able to maintain 12.8 degrees of deflection at

a stiffness level of 22.2 Nm/rad.

Compact Design – The overall size of this VSA has the potential to be small, but would depend on

the specific design. As discussed in chapter 2, the joint motor could possibly be overlapped with

the variable-stiffness joint mechanism to decrease the overall size of the VSA.

Minimal Energy Consumption – This joint would act in series with a traditional actuator, which

means the stiffness setting only requires energy to change, not to maintain when undeflected. If

the stiffness positioning system uses a non-backdrivable mechanism, then there would be no load

on the motor even when the joint is deflected.

Simple Design – Simplifying the mechanism for engaging the compliant flexures may prove to be

the most difficult challenge for this concept.

5.1.3 Variable-transmission compliant VSA

From this exploration a compliant VSA was designed, modeled, and prototyped to im-

plement a novel transmission variable-stiffness compliant joint in series with a traditional joint
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actuator. While this novel design maintains a usable range of deflection for a given stiffness set-

ting, the range of stiffness and overall size of the device needs to be improved. However, this new

design illustrates how compliant mechanism can provide much needed benefits to VSAs such as

simplification and ease of manufacturing.

Large Stiffness Range – The current design does not have a large range of stiffness, but a new design

could adjust the dimensions and material of the spring to achieve a higher maximum stiffness.

Usable Deflection Range – The calibrated model shows a maximum range of deflection at the

maximum stiffness setting to be 18 deg.

Compact Design – The prototype is not compact and the design has a major drawback that makes it

difficult to make smaller: it must be in series with the joint motor. Since the joint uses a cantilever

compliant flexure that must pivot about the joint axis, there is no way to overlap the variable-

stiffness joint with the joint motor.

Minimal Energy Consumption – This design requires no energy to maintain a stiffness setting as

long as the joint is undeflected. If the joint is deflected, the linear servo still need only exert

minimum effort since it uses a lead screw mechanism to transmit linear motion.

Simple Design – When compared to other variable-transmission based VSA devices, the novel

transmission mechanism presented in Chapter 4 is much simpler. The simplicity of this design is

perhaps the greatest strength of this concept. Further simplification can still be made in moving to

a fully compliant structure.

5.2 Future Work

This work has opened the door for further investigation into the various compliant VSA ap-

proaches discussed herein. New compliant mechanism-based VSA concepts that use antagonistic

and serial variable-stiffness mechanisms may perform better than those presented here.

With regards to the variable-transmission VSA presented in this thesis, future work will

investigate a redesign of the prototype to address the deficiencies discussed above and make con-

struction simpler and more compact. This may include a fully compliant structure that uses compli-

ant joints instead of pin joint pivots which can be 3-d printed or injection molded with fewer parts.

New prototypes will eliminate the unknown compliance in the structure and allow the model to be

correct without calibration. This will make for a more robust model that can be used to investigate
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the effects of changing material properties and dimensions of the compliant flexure. Future work

will also focus on the integration of this new compliant VSA into interactive robots and examine

the safety benefits of such a device.

This thesis has shown that compliant mechanisms offer advantages that may lead to VSAs

that are simpler, more compact, and more modular. Further work in this area may lead to the a new

VSA that is easier to incorporate into robots such as Troy to increase safety and thereby allow the

robot to be more interactive.
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APPENDIX A. CAD DRAWINGS OF PHYSICAL PROTOTYPE

Figure A.1: Physical prototype
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