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Abstract
A major limitation of most linear motors is limited travel range and low load capacity. In this research, a large motion

range piezoelectric Inchworm Motor (IM) is realised which not only harnesses the prominent advantages of piezo-actuator

but the four-legged design simultaneously offers reliable self-locking capability in a compact form-factor. The displace-

ment deformation of each element of the motor (clamps, extender) is determined using finite element analysis (FEA)

through force distribution analysis. Appropriate clamping force adjustment method on the rail/stator of the motor is

adopted using load cell followed by multiple linear regression modelling to dynamically consider the clamping force and

inherent non-linearities of piezo-actuators (PAs). The hardware prototype is fabricated and the experiment results verify

the validity of the data driven model. Clamping error analysis, step length dependent stability profile and dynamic driving

force has been carried out to characterize the IM. Performance evaluation of the motor has been researched at different

voltages, frequencies and loads to assess its operating profile. Mechanical output suggests that the prototype achieves a

maximum no load speed of 39.64 mm/sec under clamping force of 2 N at 100 V and frequency of 2000 Hz with 30% duty

cycle. With load of 700 g, 0.46 mm/sec speed is obtained under a clamping force of 8 N. In addition, bidirectional control

signal mechanism for the IM has been also developed, tested and implemented in real-time environment. The proposed

large driving force prototype designed is highly suitable for industrial linear translation systems requiring high resolution,

large strokes, and heavy loads capacities.

1 Introduction

Piezoelectric actuators are widely used in fields such as

biomedical engineering, semiconductor manufacturing,

optical focusing and scanning microscopy because of their

compact size, large output force, rapid response, high

electromechanical coupling efficiency, high blocking force

capability and high resolution. In addition to achieving

high position accuracy, another advantage of piezoelectric

actuator is its small volume and low thermal expansion

coefficient during motion. Various types of piezoelectric

actuators can be classified according to their working

principles, such as ultrasonic actuators, direct driving

actuators, inchworm actuators, stick–slip actuators.

Actuators with direct drive offer high resolution but have a

limited working stroke while ultrasonic actuator generates

large motion but considers heat generation issues. The

maximum output thrust capability of inchworm motor is

greater than stick slip piezo-actuator, however the control

and drive systems are more complicated.

For piezo-actuators, several frameworks are available in

literature which provides specific mathematical formula-

tions leading to model-based control design. An equivalent

circuit based dynamic model was proposed by Dong et al.

to describe electrical behaviour of the actuator (Devasia

et al. 2007). Since nonlinear system parameters such as

friction and hysteresis contribute to the complexity of

mathematical model of piezo-based motor, a data-driven

approach would be a better alternative. Different data dri-

ven techniques such as single source and dual source dual

frequency (DSDF) approach is adopted for piezoelectric

ultrasonic motor in Makarem et al. (2021) wherein the

experimental data are collected from the real plant to

approximate the mathematical modelling and modeling of
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hand manipulator using data driven approach in Sintov

et al. (2020).

For a long time, major focus has been on development

of actuators made from smart materials instead of tradi-

tional linear motors, specifically for micron-level posi-

tioning, active vibration control, etc. To address the

existing gap between smart material produced displace-

ment and need for long stroke driving, it is critical to

deliver and accumulate the deformation of these materials

in a controlled and precise manner. Of late, researchers

have discovered that an inchworm-based motion principle

can be applied to build a linear motor by accumulating

steps in order to generate cumulative infinite distance

which is specifically relevant to precise long-distance

application along with a compact form factor. Considerable

research has been carried out in the last decade to design

inchworm motion principle using electrostatic, electro

thermal and piezoelectric motors to improve the output

force, high switching driving and positioning capability

(Joshi 2020; Kim et al. 2002; Cusin et al. 2000; Yang et al.

2006).

A novel electrostatic IM with flexible drive arms has

been developed, manufactured and tested for high force

density in Penskiy et al. (2011) where flexible drive arm

enables the shuttle to move longitudinally by converting

transverse motion of the inchworm. The motor achieved a

maximum speed 3.6 mm/sec under the locking force of 0.7

mN and driving voltage of 110 V. To improve output force

density of the motor, a new architecture for in-plane

electrostatic gap-closing actuators along with flexible

driving arms and a single mask fabrication is proposed in

Penskiy and Bergbreiter 2013, where the motor demon-

strated maximum force of 1.88 mN at driving voltage of

110 V and achieved a force density of 1.38 mN/mm2. A

screw clamp principle-based hybrid linear actuator is pro-

posed (Shi et al. 2021) along with two clamping nuts and

cylindrical piezo electric stack symmetrically placed at two

ends of the actuator and rotor as a feed screw assembled

throughout all the parts. Proposed motor is fabricated for

experimental analysis and achieved a maximum no load

speed 20 mm/sec under maximum output thrust of 280 N.

A three piezo-actuator based high force linear IM for

structural shape control is proposed in Galante et al. (1998)

with displacement range and force handling capabilities of

6 mm, 200 N respectively, attaining a maximum velocity

of 5.4 mm/sec with a driving sinusoidal signal of 900 Hz.

A right circular mechanism-based stick–slip piezoelectric

actuator is proposed in Cheng et al. (2017) to obtain linear

motion wherein a slider moves by motion of the stick–slip

actuator. Maximum load handling capacity of the prototype

is 3 N at a speed of 5.96 mm/sec. Thus, it is observed from

the reported PZT based inchworm motor literature that

although developed motors are capable to sustain large

driving force actuation capabilities along with high mate-

rial internal stress yet the primary challenge lies in high

frequency operation.

The clamping mechanism also plays a crucial role in

determining the feasibility of PZT based inchworm motor.

Hence, the design and fabrication of more efficient clamping

mechanisms remains a core concern for piezo based IM. The

inchworm motor mechanism is directly affected by the

clamping mechanism both in terms of precision positioning

and force capacity. In spite of the fact that researchers are

more focused of the importance of clamping mechanism

during design of the IM, however it is designed to address the

driving ability and inherent problem of nonlinear parameters

such as hysteresis (Calkins et al. 2000), frictional force (Pan

et al. 2017), heat (Yamamoto et al. 1999), etc.

PAs research has produced many successes, but the

majority of these have been aimed at low- and medium-

frequency actuation. Conventionally, the driving principle of

intermediate and high-frequency piezo-actuators uses stator

resonance to generate the large displacement, and thus

generating large motion using the frictional/clamping force

of stator.Most of the literature reports low frequency driving

mechanisms such as a piezoelectric MEMS vibration energy

harvester proposed by Nabavi et al. (Nabavi and Zhang

2018) works at a low resonant frequency of less than 200 Hz.

Another low frequency piezo electric motor is proposed by

Xing et al. based on a piezoelectric driving mechanism and

magnetic modulation. Motor operated at a modest frequency

of 3 Hz and at 4.5 V driving voltage which generates a speed

of 0.1104 rad/min (Xing and Qin 2020). Resonant type

piezoelectric motors can produce large strokes and high

speeds by operating at ultrasonic frequencies.However, their

main drawback is reduced resolution. Therefore, a non-res-

onant type piezo motor with precise driving ability is pro-

posed (Xu et al. 2018) where runners are pushed step-by-step

by a hybrid motion created by two bending motions of a

sandwich transducer. A no load velocity 5.96 lm/sec is

achieved under the frequency of 400 Hz with a maximum

thrust of 30 N.

As evident from the discussed prior arts, one of the

important mechanical characteristics of the piezo-based

inchworm motor is that operational speed is limited in

nature and motors do not exhibit a high driving frequency

and output thrust, limiting their use for high-speed linear

translation application. In order to increase the displace-

ment and speed of the extending device, the motor should

be operated at higher frequencies.

The present research describes the development and

testing of a four-legged piezo based inchworm motor with

high force driving capability. The contribution of the work

can be summarized as: (i) Mechanical design and fabrica-

tion of four legged inchworm motor with force distribution

analysis of each element (clamps, extender) using FEM.
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(ii) Development of data driven model to verify the motion

of the extender at different frequencies, (iii) Investigation

of IM characteristic through experimental study of

clamping error, step length stability and dynamic driving

force, (iv) Experimental investigation towards performance

evaluation of inchworm motor with varying operating

voltages, switching frequencies and loads under different

clamping forces, (v) Development of bidirectional motion

logic of the proposed motor in real time environment.

This paper is organized into six sections as follows. The

operating principle of inchworm mechanism, design of the

motor, study of force distribution analysis for each of its

component using FEM method and clamping force mea-

surement are described in Section II. The data driven model

to verify the motion of the IM is discussed in section III.

Section IV describes the experimental system for the pro-

totype, characterization of the IM and performance analysis

of the proposed system under different clamping force.

Bidirectional operations under different frequencies are

illustrated in section V.

2 Mechanical structure & IM operating
principle

2.1 Operating principle of four legged
piezoelectric IM

Operating mechanism of the proposed piezo electric motor

is sequentially discussed in Fig. 1a and the corresponding

voltage control waveform for generating motion during a

specific time period is illustrated in Fig. 1b. Clamp 1 and

clamp 2 control pulses are 180 degrees phase shifted from

each other and the extender is 30 degrees phase shifted

from clamp 1. The inchworm mechanism comprises three

piezoelectric actuators built into the mechanical structure

of the motor; two of them act as ‘‘clamps’’, while the third

one acts as an ‘‘extender.’’ The actual displacement of the

motor is achieved by extension of the extender which

comprises a series of clamping and extending mechanism

through six steps to get the desired displacement. The

motor ensures full clamping abilities when it is not acti-

vated, that is at the resting condition (step (f)) where both

clamping actuators of the motor (clamp 1, clamp 2) are not

excited and remain closed (in contact with the stator). In

the first step (a) of six step cycles, clamp 1 is ON which

releases it from the stator (gap between stator and rotor).

Then, extender is energized by driving signal and it moves

along a linear path (step (b)). In the third step (c) closing of

clamp 1 takes place and this completes the first half of the

six stepped cycle. In fourth step (d), clamp 2 is activated

which releases its contact from the stator followed by

turning off the extender in step(e) which restores it back to

its original length. In the last step (f), clamp 2 is deacti-

vated which causes definite displacement of motor at the

end of six steps. It is important to note that in part of

inchworm operation principle, the extender accumulates

small displacements that add up to a large

displacementðDxÞ.
During a typical inchworm cycle, only one clamping

device is triggered at a time, which allows the extender to

expand and retract without inhibition. Purpose of the

clamping structures is to create a frictional force that can

resist static forces resulting from a constant load generated

from the extending mechanism. In our study, four-legged

inchworm linear motor has been developed where four

piezo stack actuators are used as clamps which act as four

legs for the motor, as shown in Fig. 2. Speed of the motor

depends on the step size and the rate at which the cycle

repeats i.e. driving frequency and is calculated as the net

displacement travelled in the given time, derived as step

size � driving frequency.

2.2 Piezo-actuator (PAs) characteristic

It’s critical to select the correct PAs, since displacement

reduction is an integral part of actuator force generation.

Therefore, stiffness of the mechanical structure of IM must

be linked to the PAs force/displacement curves. Based on

the stiffness of the Clamping Mechanism (CM) and

Extending Mechanism (EM), Noliac PAs have been chosen

for the current research. NAC 2013 H10 and NAC 2013
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Piezo actuator Activated

Step (a) Step (b) Step (c)

Step (d)Step (e)Step (f)
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Fig. 1 a IM operating mechanism comprising six steps b Motion

generation voltage curve for IM during single cycle
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H20 are used for clamps and extender whose specification

is tabulated in Table 1.

2.3 Prototype development and force
distribution analysis of the IM

The research paper proposes an IM design illustrated in

Fig. 2.

Motor consists of a rotor (moving component) which

includes two CMs (black) as well as an EM (gray). Five

PAs (mustard) are inserted into the CMs and EM and a pre-

tightening screw is used to connect the CM and EM. To

maintain a uniform clamping force on the rotor, clamping

screws are equipped with clamping nuts as shown in

Fig. 2b. It is assumed that there is no gap between the rotor

and stator and the non-linearity in the PA system is

ignored. The motor’s rotor is connected to the stator

through a screw, and the rotor is locked with the stator

when the motor is powered off which ensures full clamping

capability at rest. To unlock CM from the stator, the PAs in

the CM need to be activated.

Mechanical design solves difficulties linked with

specific integration constraints and motor clamping force

requirements. In this design, the connection between CMs

and EM of the motor is adjusted by screws, nuts and

coupler. Metallic chips are used to adjust the piezo actuator

in the clamps and extender structure. The length of the

rotor can be adjusted by increase and decrease of the

connecting coupler between the clamp and extender.

An asymmetrical flexure hinge mechanism structure of

the extender has been proposed which increases static

friction force during slow extension stage and reduces the

kinetic friction force in quick contraction stage by the

linear driving motion of the extenders piezo actuator as

shown in Fig. 3b). Additionally, the specific design dissi-

pates heat quickly to the surrounding. The clamp is

designed as an octagon structure to ensure full clamping

abilities at rest condition as well as to generate frictional

force that can withstand both static and dynamic forces.

The three individual parts (clamp 1, extender, clamp 2) of

the inchworm motor which have been designed and fabri-

cated as shown in Fig. 3a, b are then assembled with the

piezo-actuator to implement the complete motor (IM) as

shown in Fig. 3c. Two piezo-actuators are fitted into each

of the clamps of the motor and one piezo-actuator is fixed

into the extender structure. The total outer length, width

and height of the clamps are 40 mm, 17 mm and 7 mm

respectively while the inner length and width are 12 mm,

10 mm respectively. Similarly, the outer length, width and

height of mechanical structure of extender are 34 mm,

12 mm and 7 mm respectively. Prototype of the complete

motor has been manufactured with a dimension of

114 9 17 9 7 mm3 (without screw and coupler) for rail

and 250 9 24 9 20 mm3 for the stator. It is machined with

a tolerance value of � 0.1 mm and all parts of the motor

are made of stainless steel (clamps, extender).

To compute performance of the clamp and extender of

inchworm motor, 3D FEA has been conducted using

ANSYS software. The clamping unit ensures full clamping

ability when it is deactivated and initially locked on the rail

or stator through clamping screw equipped with nuts and

spring. To meet the requirements for clamp stiffness, the

clamp’s length, width, and thickness have been varied

using steel as the material for rotor/stator having density of

7862 kg /m3, elastic modulus of 230 GPa and Poisson ratio

of 0.28. The clamps generate displacement of ± 6.67 lm
along X-axis and � 2.39 lm along Y-axis on applying 650

N force into the piezo-actuator which activates the

clamping mechanism of the motor as seen in Fig. 4a. Thus,

a PA with stiffness of 97.45 Nlm-1 is needed.

Extending unit ensures actuation of the extender of

inchworm which in turn controls the speed and produces

the required driving force to be generated by the motor. To

increase motion range, a high value capacitive piezo-

Clamp 1 Clamp 2Extender

Two piezo stacks 
act as first two legs

Two piezo stacks act 
as second two legs

Clamping
screw

Stator Rotor of IM

Clamping
Nut

Pre-
tightening

screw

Pre-
load

screw

Pre-tightening
Nut

(a)

(b)

Fig. 2 Proposed piezo based IM design structure with self-locking at

rest capability a top view, b 3D model

Table 1 Specification of

piezoelectric stack actuator used

in the IM

Type Dimensions [mm3] Free stroke [lm] Blocking force [N] Capacitance[lF]

CM: NAC2013H10 5 9 5x10 13.2 1050 0.72

EM: NAC2013-H20 5 9 5x20 29.7 1050 1.62
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actuator is needed for extender as piezo capacitance is a

function of the excitation voltage frequency. Simulated

displacement variation in response to applied force of 850

N on the PZA along X-axis is shown in Fig. 5a where

displacement of 14.81 lm along X-axis is obtained.

Therefore, stiffness of the extender is found to be 57.39 N

lm-1. Figure 5b shows the Von-Mises stress of the

extending mechanism which is lower than the yield stress

of the constitutive material (250 Mpa). Based on the

stiffness of the inchworm mechanical structure, appropriate

PA has been chosen according to the generated force,

displacement, and dimensions.

2.4 Clamping force measurement by load cell

It is considered that tangential frictional force is equal to

the normal force applied to the stator by the moving rotor

of the motor. Therefore, in order to determine the clamping

force imposed on the stator, a compression testing machine

(CTM) is used for experiments. Figure 6 provides an

illustration of the method to determine the imposed

clamping force using a load cell (LCM 100) and CTM

machine. The load cell is operated by 14 Volt input supply

which is fitted into stator and connecting the load cell

amplifier to digital storage oscilloscope (DSO) and the

amplified output voltage change in term of force is then

measured in DSO via the load cell amplifier. Force is

generated when the load cell is compressed by clamping

force (frictional force) acting on the stator of the motor.

The applied clamping force on the rail of the motor through

screw is measured using calibrated voltage-force data. The

experimental setup for determining the clamping force

measurement is shown in Fig. 6 and voltage deviation vs

time plot is shown in Fig. 7a. A plot of clamping force vs

voltage deviation graph shows that the voltage deviation

and clamping force has a linear relationship as illustrated in

Fig. 7b.

40 mm

10
m

m
17

 m
m

12 mm

34 mm

12 mm

(a)

(b)

(c)

Fig. 3 Individual parts IM prototype—a CMs b EM c assembly of the

different components (clamps, extender) including PZT stacks to

form complete IM motor

Fig. 4 Displacement distribution of the CMs a X-axis b Y-axis

Fig. 5 a Displacement distribution of the EM along X-axis (3D view)

b Von misses stress analysis of extending mechanism along X-axis

(a)

(b)

Clamp 1 Clamp 2Extender

Load cell

Fig. 6 a Experimental set up for measurement of clamping force on

the stator through load cell b Schematic diagram of load cell position

in the inchworm motor
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2.5 High switching frequency inchworm motor
drive

High frequency driver circuit has been designed to actuate

the proposed IM which includes MOSFET based switching

circuit (MSC) and oscillation circuit. 24 V Battery signal

has been amplified to attain the desired voltage signal to

operate the piezoelectric actuators through necessary

electrical balancing and high switching operation, as dis-

cussed in Fig. 8.

3 Data driven modeling

Mathematical modelling of the piezo based inchworm

motor is used instead of model based controller which is

difficult to implement due to non-linearity of the system.

The main non linearity of the piezo based inchworm motor

is the clamping force which is affected by several opera-

tional factors such as frequency and velocity of operation,

temperature etc. In case of data driven modelling approach,

the controller does not require mathematical model of the

plant and thus provides a better alternative solution than

model-based control (Ayankoso and Habib 2020). Data

driven model is more robust so that any variation of system

performance can also be accounted by training (Barbosa

et al. 2020; Reinhart and Steil 2016). Moreover, the system

nonlinearity is approximated by the model parame-

ter(s) through experimental data.

In this research, data driven model is developed for the

piezo based linear inchworm motor using multi linear

regression analysis. Experiments are carried out with dif-

ferent operating frequencies and experimental data from

the motor is collected. The dataset of 20,000 population

size consists of four independent parameters (voltage of

clamp 1, voltage of extender, voltage of clamp 2 and time

of operation) and one dependent or target parameter (dis-

placement). The model is trained with 80% of the dataset

and remaining 20% data’s is used for testing purpose.

(b)

(a)

Fig. 7 a Voltage deviation vs time plot for different clamping forces

applied on the stator of IM b Linear relationship of clamping force vs

voltage deviation for clamping force measurement of the IM

Fig. 8 Flow diagram of high frequency driving of the IM
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Experiments are conducted with individual frequency

using linear multivariate regression model. The structure of

regression function is represented as

d ¼ a1f1 þ a2f2 þ a3f3 þ a4f4 þ b ð1Þ

where, ‘f2’and ‘f4’ are clamp voltages and ‘f3’is extender

voltage of the inchworm motor, ‘f1’ is model operating

time data, ‘b’ is an intersect point and ‘d’ is a displacement

of the inchworm motor and ‘a1’, ‘a2’, ‘a3’ and ‘a4’ are

model coefficients. For each case (different frequency data

set), the model coefficients and R2 scores have been cal-

culated, as tabulated in Table 2.

ME ¼ 1

n

Xn

k¼1

eak � emk
eak

����

���� ð2Þ

where,eak = actual displacement emk = model displacement.

Mean Absolute Percentage Error (MAPE) is calculated

from Eq. 2 and plotted in Fig. 9. The MAPE is seen to be

ranging from 5.23% for 10 Hz to 1.49% for 500 Hz fre-

quency model. It can thus be concluded that error variation

of the proposed model is within considerable range com-

pared to experimental results, and hence the model can be

extended for practical application.

Simulation and experimental results of the motor motion

have been compared at frequencies of 10 Hz, 50 Hz,

100 Hz and 500 Hz under driving voltage of 100 V and

clamping force of 8 N. The resultant waveforms show

considerable concurrence between the experimental and

simulation model which suggests an accurate modeling and

good performance of the motor at different frequencies, as

shown in Fig. 10. The motor displacement has been mea-

sured experimentally using laser displacement sensor as

shown in Fig. 12c).It shows that with increase in fre-

quency, the total measured displacement increases and the

motor exhibits linearity when the driving frequency is

varied from 10 to 500 Hz. Corresponding speed of the IM

increases linearly from 0.03 mm/sec at 10 Hz to

1.235 mm/sec at 500 Hz. The displacement curve has more

fluctuations when operated at low frequency (10–50 Hz) as

compared to higher frequency due to decreases in system

inductive reactance.

The degree of impact of extender voltage (f3) in IM

displacement is further elaborated in section IV. In order to

improve the regression model accuracy, Eq. 3 has been

considered as the regression function structure where ‘f3’

has an exponential term ‘n’. With the variation of ‘n’,

performances of regression model is demonstrated in

Fig. 11. From the graph, it is found that the optimal value

of ‘n’ for all frequencies model is found to be ‘1.6’ where

MAPE is minimum.

d ¼ a1f1 þ a2f2 þ a3f
n
3 þ a4f4 þ b ð3Þ

Table 2 Co-efficient of

regression model with different

frequencies

Frequency a1 a2 a3 a4 b R2 score

500 4.089e-01 -1.267e-05 -1.370e-03 -4.215e-04 -1.392 0.968

100 4.089e-01 -1.267e-05 -1.370e-03 -4.215e-04 -1.392 0.548

50 2.922e-01 -5.870e-05 -2.025e-04 1.579e-04 -1.315 0.862

10 3.140e-01 -1.126e-04 2.945e-06 1.015e-04 -1.446 0.834

Fig. 9 MAPE error with different frequencies model

Fig. 10 Displacement vs time plot of inchworm motor with different

frequencies under driving voltage of 100 V (simulation &

experimental)
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4 Piezoelectric inchworm motor
characteristics experiments

4.1 Experimental setup

In order to test the design of the piezoelectric motor, series

of experiments have been carried out. Figure 12 illustrates

the experimental set-up of the prototype where Fig. 12a

represents the signal flow diagram. Three appropriate phase

synchronized control pulses have been generated from the

control signal generator and high switching driver circuit is

developed to drive the motor at a higher frequency. Desired

output linear motion is generated by the motor when three

amplified phase synchronized pulses are applied to the

clamps and extender of the motor. A non-contact mea-

surement laser displacement sensor (LK-G Series, KEY-

ENCE) with a resolution of 20 nm is utilized to capture the

motion. Using a pulley set up and standard weights, dif-

ferent loads are placed on the slider along the positive

horizontal axis as shown in Fig. 12b and complete test

bench set up under load is illustrated in Fig. 12c.

4.2 Experimental characterization of IM

4.2.1 Clamping error analysis

Clamping error of the inchworm motor has been calculated

under free clamping force at no load condition and it is

considered as clamp displacement along moving direction

while two clamps are excited, keeping the extender in an

unexcited state. When the actuator of clamping stack

alternately runs for 10 s with the extender untouched, the

maximum movement recorded is quantitatively considered

as clamping error. During the experiment, voltage ranges

from 0 to 100 Volts under frequencies of 500 Hz, 1000 Hz,

2000 Hz resulted in maximum of 0.076542 mm,

0.11277 mm, 2.97 mm clamping errors respectively, which

is mildly high for precise motion control as shown in

Fig. 13a, b. Consequently, clamping voltage has been

dynamically adjusted and kept between 20 to 40 V for

500 Hz, 40 V to 70 V for 1000 Hz and 60 V to 90 V for

2000 Hz in order to achieve optimal position accuracy.

Clamp error is mainly caused by the lateral deviation and

deflection of the extender, hence in order to reduce the

clamp error, clamping voltage needs to be reduced and

rigidity of the extender should also be increased.

Fig. 11 Percentage of error change (MAPE) with variation of

optimizing value ‘n’

Pulley

Weight

Cable

Rotor

Stator

(b)

C-Box 

ILD2300 
sensor

Inchworm Motor Driver

Control desk 
of the sensor

Inchworm Motor 

DSO24 volt sensor supply

Load
Anti-vibration 

Table

IM Driver supply 

(c)

(a)

Driver circuit

IM Prototype Laser displacement sensor

Input power Oscilloscope

Control signal 
generator(Microc
ontroller/dSPACE

Computer

Control forces 
through pulley

Fig. 12 Experimental test bench set up a Signal flow diagram

b Schematic of load and pulley arrangement system c Experimental

set up platform under load
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4.2.2 Stability analysis with step length

Step length and displacement resolution plays an important

role to determine performance of the inchworm motor. Step

lengths are calculated by operating the motor with different

driving voltages. However, it is also affected by some non-

linear parameters such as clamping force, load, heat etc. At

no load condition, it is observed that the relation between

step length and driving voltage is linear as shown in

Fig. 14a. Motor achieves maximum step length of 6.07 lm
at no load condition under the clamping force of 5 N with

driving voltage 100 V while the minimum step length of

0.817 lm is achieved at operating voltage of 20 Volt. The

maximum stack displacement is 6.838 lm at 100 Volt

driving voltage which is approximately equal to the motor

step length. However, the motor stroke length is quite low

in lower voltage range operation, being 0.817 lm under 20

Volt as compared to the nominal stack displacement of

1.668 lm. Thus, the motor’s nominal driving voltage must

be greater than 20 Volt. Stability step length factor also

needs to be calculated in order to measure precise motion

of the motor. Figure 14b shows the correlation between

step length error and driving voltage. The error is seen to

decrease slowly with increase in the driving voltage of the

IM extender. The error associated with a driving signal of

100 Volt is found to be minimum of 11.23%, while the

error associated with a 20 Volt signal is maximum at

51.01%. The result suggests the nominal voltage of the

motor should be higher than 60 V in order to compensate

the error.

Moreover, step-length stability is another key factor

when evaluating movement precision. In this paper, the

step length stability has been calculated using the Eq. 4 and

relationship between step length stability and driving

voltage is shown in Fig. 14c. It is found that the step length

stability decreases gradually with increase in driving volt-

age with a best value corresponding to 100 Volts, being

0.67% of the actuator and the worst value corresponding to

20 Volts which is 72.6%. In order to increase the step

length stability, the motor’s nominal voltage is recom-

mended to be higher than 60 V.

g¼
Xn

k¼1

Sk � Sn

Sn

����

����

 !,
n ð4Þ

where,g is step length stability, Sk is actual step length of

the inchworm motor, Sn is average step length of the motor

after n steps and n is the no of steps.

(a)

(b)

Fig. 13 Relationship between the clamping voltages with the clamp-

ing error with different frequencies a 1000 Hz, 500 Hz b 2000 Hz

(a) (b)

(c)

Fig. 14 a Step length vs driving voltage with frequency of 1000 Hz,

b Relationship between step length error vs driving voltage c Rela-

tionship between step-length stability vs driving voltage of the IM
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4.2.3 Dynamic driving force

The motor output force is determined by combining thrust

force generated by driving stacks with clamping force

generated by clamping stacks. Clamping force is normally

smaller than the driving force and the maximum output

force is equal to the clamping force which is converted

from the clamped of the IM. Continuous driving forces or

dynamic driving forces are generated when an extender

moves continuously with a load. The driving frequency and

clamping voltage of the motor are set at 1000 Hz, 100 V

respectively and the driving voltage of the extender is

varied from 20 to 100 V.

As the driving voltage is increased, gradual increase in

weight until the extender is out of step.

It is considered that under this driving voltage, the

weight is defined as the maximum dynamic driving force.

The relationships between dynamic force and driving

voltage are seen in Fig. 15. During operating voltages

between 10 and 60 V, the maximum dynamic driving force

is found to increase linearly reaching about 1.8 Kgf at

60 V. After that, the dynamic force turns constant as the

driving voltage is further increased and maximum driving

force of 2.40 Kgf is achieved at 100 V.

4.3 Performance evaluation of IM

4.3.1 Voltage –speed characteristics

Figure 16 illustrates the relationship between the driving

voltage and the output speed, where the driving frequency

is 1000 Hz. Speed of the motor increases linearly with

increasing the excitation voltage of the extender. The

motor achieves a maximum speed of 17.28 mm/s for a

voltage of 100 V driving pulse when a clamping force of 2

N is applied. The resultant IM speed is found to inversely

proportional to the clamping force and directly propor-

tional to the extender excitation voltage.

4.3.2 Frequency- speed/step length characteristics

Figure 17 illustrates the relationship between driving fre-

quency and speed when different clamping forces (2 N, 5

N, 8 N) are applied to the motor rail. With an increase in

driving frequency, speed of the motor increases linearly,

but after a frequency of 2000 Hz, the increase in speed

reduces. Here, the piezo-actuator’s capacitive effect might

be in play, and the piezo stack does not have enough time

to extend to its theoretical length. In this experiment,

excitation voltage for the motor is 100 Volt square pulses at

30% duty cycle. At a driving frequency and voltage of

2000 Hz and 100 V, a maximum speed of 39.64 mm/s is

achieved when the clamping force is 2 N. The motor speed

falls from 39.64 to 10.40 mm/s when clamping force of 8

N is applied to the motor rail through clamping screw as

shown in Fig. 12b. The result suggests the maximum motor

speed is reached when it operates at 2000 Hz driving input

voltage, so the motor runs in its optimal condition at this

frequency. Based on the results of the experimental set up,

it can be observed that the piezo-based inchworm motor

exhibits a stable operation. Accordingly, the frequency of

2000 Hz has been considered as the optimal working fre-

quency and considered for further experiments, detailed in

subsequent sections.

The motor’s step lengths have been measured at fre-

quencies between 100 and 2500 Hz under clamping forces

of 2 N, 5 N and 8 N with a voltage of 100 V. Figure 18

indicates that when the frequency increases, step length of

the motor under different clamping forces initially

increase, and then decreases.

Fig. 15 Relationship between dynamic force vs driving voltage

Fig. 16 Relationship between the extender driving voltage and speed

of the IM with different clamping forces at 1000 Hz frequency
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Maximum step length of 22.62 lm, 4.44 lm, 2.48 lm is

achieved under clamping force of 2 N, 5 N, 8 N respec-

tively at frequency of 500 Hz. As discussed earlier, for

optimal operation of the motor, the step length increases at

a frequency of 2000 Hz.

4.3.3 Speed-load characteristics

The load along the horizontal axis of the motor is measured

with different standard weights. The correlation between

the working load and output speed under the variation of

clamping forces is illustrated in Fig. 19. It is observed that

speed of the motor decreases as the load increases. In this

experimental study, the operating frequency and duty cycle

of driving pulse are 2000 Hz and 30% respectively and

magnitude of the voltage is about 100 Volt. The maximum

loads are 1.71 N, 4.41 N, 6.86 N under clamping forces 2

N, 5 N, 8 N during the experiment. The no load speed of

the motor drops from 39.64 to 19.75 mm/s due to load of

50 gm under clamping force of 2 N. This might explain the

pre-loading gap and the tolerance values of the motor rail

as output speed vs load does not follow linear

characteristics.

4.3.4 Impact on speed with and without load

In the experimental work, inchworm motor is operated with

100 Volts driving pulses and tested at different frequencies

of 100 Hz, 500 Hz, 1000 Hz, 1500 Hz, 2000 Hz, and

2500 Hz, respectively. A weight of 2 N is attached to the

motor rotor and clamped with a thrust of 5 N. Regardless of

whether the motor is loaded or not, the speed of the motor

increases with increasing frequency, up to 2000 Hz.

Highest speed of 3.79 mm/sec is achieved under a load of 2

N at a frequency of 2000 Hz as shown in bar diagram

Fig. 20. The driving pulse’s duty cycle leads to a speed

decrease of 2.54 mm/sec under frequency of 2500 Hz.

Thus, to increase the load capacity and speed, a reduction

in the duty cycle is undertaken.

4.3.5 Three phase voltage waveform pattern across the IM
at different frequency operation

Three phase synchronized voltages applied across the two

clamps and extender of the motor are seen in Fig. 21 where

voltage magnitude of the motor [clamp 1, extender, clamp

2] increases from [40 V, 52 V, 48 V] to [74 V, 94 V,

80 V] as frequency increases from 10 to 500 Hz. It is

observed that at a very low frequency (10 Hz), there is a

certain peak that decreases with increasing the switching

frequency of the driving input signal. This may be due to

Fig. 17 Relationship between the driving frequency and speed of the

motor with different clamping forces

Fig. 18 Relation between step length and frequency of the IM with

different clamping forces

Fig. 19 Relationship between the load variation and speed of the

motor with different clamping forces
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combined effect of presence of capacitance of piezo-actu-

ator and the designed driver circuit. With an increase of

driving frequency, the voltage magnitude increases as the

inductive reactance of the driving circuit rises, so the

current drawn from the driving circuit reduces due its to

power limitation.

Analyzing the results, it is found that the inchworm

motor exhibits superior stability at high frequencies than at

lower frequency operation.

Due to this, inchworm motors can drive at high voltage

and high frequency while maintaining step length stability

and speed making it suitable for high speed operation.

However, the motor’s clamping voltage should be kept

within the identified frequency dependent voltage range (as

discussed in section IV) in order to reduce the clamping

error. 5 Forward and reverse motion of IM

Direction reversal control pulse generation logic has been

developed in MATLAB Simulink and interfaced with real

time digital controller platform, dSPACE 1202 to drive the

IM in forward and backward direction. As shown in

Fig. 22, two transport delay blocks are used to get the

desired three phase- shifted control pulses necessary to

achieve synchronization between the two clamps and

extender to ensure smooth operation of the IM. Two

switches are used to interchange the clamp signals for

forward and reverse direction of the motor at any instant

which is determined by the value of a constant block pre-

ceding the switch. The motion reversal control pulses of

the IM are seen in Fig. 23, comprising two 180 degree out

of phase signals for the clamps which are reversed

depending in direction of motion control. At no load con-

dition, the inchworm motor’s forward and backward

motion is verified at frequencies of 10 Hz and 1500 Hz

under driving signals of 100 Volts and clamping forces of 4

N, as shown in Fig. 24. A displacement vs time plot of

Fig. 20 Variation of frequency as a function of speed with and

without loading

Fig. 21 Voltage measurement plot across IM in DSO at different

frequencies (clamp 1 (blue), extender (red), clamp 2 (green)) a 10 Hz,

b 50 Hz, c 100 Hz and d 500 Hz

IM
 m

ot
or

 d
ri

ve
r 

ci
rc

ui
t

Motion reversal

Fig. 22 Motion direction reversal model in dSPACE

Clamp 1

Clamp 2

Extender

Clamp 1

Clamp 2

Extender

(a) (b)

Fig. 23 Piezoelectric IM direction reversal control signals a forward

motion b reverse motion
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bidirectional linear motion of the inchworm motor (fre-

quency of 1500 Hz) is shown in Fig. 24b where the motor

moves 10 mm in forward and 6.5 mm in backward direc-

tions. The average speeds for forward and backward

motion at 1500 Hz are 16.66 mm/s and 11.66 mm /sec

respectively.

Table 3 represents a comparison between the proposed

work and the previous works. In terms of operating fre-

quency, speed, output load capacity, clamping force, the

proposed motor has obvious advantages. With a clamping

force of 8 N, the maximum load capacity of the proposed

motor is 700 gm, while the operating frequency 2500 times

previous research(Ghenna et al. 2023) and maximum load

capacity is 17.5 times higher than in ref Pan et al. (2023).

Compared to other piezoelectric mechanisms reported to

date, the four-legged Inchworm motor features a higher

operation frequency, motion range, speed, and load

capacity.

The output and input power of the electrical driver cir-

cuit are used to determine the electrical driver and

mechanical efficiency of the IM, as shown in bar diagram,

Fig. 25. Mechanical efficiency of the motor has been

derived under load of 2 N. In the experimental measure-

ments, the efficiency of the IM is found to be 33.7% at

100 V and 2 kHz operating frequency which is much better

(b)

(a)

Fig. 24 a Bidirectional motion of the IM at low frequency input

signal, 10 Hz b Bidirectional motion of the IM at high frequency

input signal, 1500 Hz

Table 3 Comparison between the proposed work and the previous reported work

Piezo-actuator

based IM

Frequency[Hz] Voltage[V] Maximum

speed [mm/sec]

Maximum

load [gm]

Maximum

clamping force

[N]

Efficiency

[%]

Motion

range

[mm]

Step

displacement

[lm]

Jie Ling (2022) 650 80 44.69 60 432.2 Low 4.3 71

Jianping Li

(2017)

1000 100 7.95 158 NA NA 0.1 11.52

By Tinghai

Cheng

(2017)

500 100 5.96 300 5 NA 0.130 NA

I. Penskiy

(2011)

600 110 3.6 NA 0.0007 17 0.06 NA

H.Dong (2020) 50 120 0.72 NA NA Low 11 NA

S. Ghenna

(2023)

1 80 0.00225 – 300N NA 0.01 NA

J.Ma (2023) 500 100 2.287 500 NA NA 10 8.94

Q. Pan (2023) 752 82.4 11.14 40 15 NA 0.15 0.5

Proposed work 2500 100 39.64 700 8 33.7 90 22.62

Fig. 25 Efficiency plot of the IM
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than the 17% measured for electrostatic inchworm motors

at 110 Volts and 600 Hz frequency (Penskiy et al. 2011).

6 Conclusion

In this research paper, a high force piezo based linear

inchworm motor with bidirectional motion is proposed,

designed, fabricated and tested. The four-legged motor

comprises two clamps each consisting of two piezoelectric

stack actuators and an extender which brings about the

displacement. After mechanical design and force evalua-

tion of the constituent components, the working prototype

has been fabricated and tested by driving the motor

with three appropriate phase shifted and synchronized

control pulses applied to the clamps and extender. For

enhanced control, a regression model of the motor has been

developed from experimental data which reduces error

commonly associated with variations in operating condi-

tions and presence of non-linearities. Comparison of the

experimental motor output with that of the simulation

model reveals a good agreement and shows that the model

could achieve a linear operation in high frequency range. A

maximum step-length of 22.62 lm is achieved under

100 V, with a displacement resolution of 0.817 lm under

20 V. In order to ensure step stability, the minimum driv-

ing voltage is found to be 60 V and clamp voltage should

remain within the identified range to reduce clamping

error. Several experiments have been carried out to eval-

uate the performance of the motor viz. displacement at

different operating voltage, driving frequency, clamping

force and loading effects. The amount of clamping force

acting on the clamps of the motor rail plays an important

role for driving the motor and has been measured using

load cell. Logic for real time, bidirectional motion of the

proposed inchworm motor has also been designed and the

motor achieves a uniform speed in both forward and

reverse directions. The speed increases with increasing the

driving frequency however after 2000 Hz, the speed is seen

to decrease which can be compensated by reducing the

duty cycle of the actuating pulse. This can be the result of

mechanical slipping due to retraction forces being higher

than clamping force. A performance limitation is restricted

frequency of operation as piezoelectric actuator capaci-

tance dynamically varies with frequency, an upper

threshold needs to decide which can be electrically bal-

anced through appropriate driver circuit. Further

improvements can be carried out in the driving circuit by

electrically balancing the piezo-actuator‘s reactance,

specifically at high frequencies and which may also redu-

ces the oscillation of the motion.
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