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Abstract

2-Photon Polymerization (2PP) 3D printing has allowed several interesting fab-
rication processing for microrobots. However, QUESTIONS. Toward this goal,
we investigate the behavior of 3D 100 pm-scale tethered microrobots made with
bi-material 2PP printing. Beams of pNIPAM are used as actuators into an IP-S
flexible mechanism, which took the function of structural skeleton of the micro-
robots. The force and displacement capabilities of pNIPAM beams actuators are
studied experimentally and through Finite Element Modelling (FEM), reveal-
ing promising capacities in displacement and forces (measured contraction up
to 30%, force up to 166 uN). The behavior of pNIPAM-actuated IP-S flexible
mechanisms is investigated. The angular movement of pNIPAM-actuated IP-S
rotational beam joint with varying dimensions was studied, and showed a max
joint rotation of 23°. Furthermore, a repeatable 80 pum long motion was demon-
strated on a 300 pm long RR robot mechanism during 5 actuation cycles. Last,
actuated 3D mechanisms are demonstrated with three 100 pm grippers with two
jaws oriented 45° around «x, 45° around « and y, and three vertical jaws.
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1 INTRODUCTION

As more and more scientific and industrial interest is ported on micrometric objects,
especially their assembly or their characterization, a need for robotic micromanipula-
tion systems has arisen to control the movement and force applied by a tool on the
object of interest [1], [2], [3]. However, classical robotic micromanipulation systems
based on tools with micrometric size tips and commercially available positioning
stages are limited by their decimetric scale (when considering their different com-
ponents i.e. body of the robot and actuation systems) which heavily hinders the
dexterity and positioning accuracy of their end-effectors at the micrometric scale.
Reducing the size of the micromanipulator is interesting in order to access more con-
strained spaces and improving the robot’s dexterity and precision. Especially, using a
micromanipulator with embedded actuation could allow to apply forces in the N to
100’s of mN ranges, which can be useful for several applications [4], [5].
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Fig. 1: 3D printed bi-material soft microrobot composed of a flexible mechanism in
IP-S (highlighted in green) and two pNIPAM actuators (highlighted in red). We depict
its actuation when heated at 22°C and 46°C. Scale bar: 50 pm.

To this end, researchers have explored micromanipulator designs at a smaller
scale. Several manipulator have been proposed at the centimeter scale [6], [7], [8],
[9], [10], demonstrating multi-Degree-Of-Freedom (multi-DOF) movement in a large
workspace relatively to their size, paving the way for new tasks realization. While
their size is centimetric, those examples illustrate that the scale down is not straight-
forward: each work had to propose a new way of building the robot to attain their size,
such as using microlithography assembled with a small compliant Stewart platform
[10], fabricate laminated devices [6], [7] or parallel continuum robot with glass legs [8].

The same need to propose other fabrication techniques arise at the millimeter scale
and below. Several systems with embedded actuation and movement transformation



have been proposed, following various manufacturing approach like MEMS-based
manufacturing [11] and Focused Ion Beam folding [12]. As a recent fabrication
method, 2PP is a 3D printing technique capable of making pm-scale structures [13].
In particular, the use of active materials with 4D printing hold potential for several
application fields [14] like microrobotics [15]. In addition, many 4D-printed devices use
stimulus-responsive hydrogels, such as poly(N-isopropylacrylamide) (pNIPAM) based
hydrogel or bovine serum albumin (BSA) based hydrogel, to generate movement,
thanks to their important shrinkage when subjected to the appropriate stimulus.

In the micromanipulators case, 4D printing allow to create devices that deform
themselves, which could then move an end-effector around their body. However, to
generate meaningful movements beyond a simple shrinkage, an asymmetry in the
deformation of the device need to be introduced [16], by using bilayer systems [17],
[18], [19] or voxels-based designs [20] for example. To introduce asymmetry in 2PP
printed devices, two ways have been mainly studied in the literature: Gray-tone
Lithography (GTL) and multi-material printing. GTL modifies the material proper-
ties across the devices by locally tuning the printing parameters. This technique has
demonstrated its interest in the state-of-the-art [19], [18], [21], [22],, but is limited
by what is achievable with the base material. Each material parameters can only be
tuned within a relatively small range (for example, the Young’s modulus of pNIPAM
in its swollen state can only be tuned in the 10’s of kPa range [23]), and in the case
of active materials, all the device will be stimuli-responsive : the deformation asym-
metry is created bu tuning the amplitude of the response. Multi-material printing
approaches are based on the use of multiple material in different parts of the devices
to introduce asymmetry and various behaviors. Nishigushi et al. [24] and Zhang et
al. [25] took advantage of a passive material lattice to control the movement of a
bloc of active hydrogel, while Ozkéle et al. [26] printed a passive material around
light-sensitive microactuators made in active materials. Especially, Ma et al. [27]
demonstrated musculoskeletal systems made with a 2-step printing process in one
chip, where a PH-responsive active hydrogel (bovine serum albumin or BSA) actuates
a SU-8 compliant skeleton.

All these works have explored the fabrication of active microscale devices which
integrate their actuation with 2PP 4D printing of active materials. However, the 2PP
4D printing process still need to be explored in the perspective of making microma-
nipulators. For micromanipulator, it is necessary to find ways to access the largest
workspace possible with the smallest scale possible, generate multi-DoF movement
in a controlable and repeatable manners, apply substantial forces, and how how to
use 2PP 4D printing to respond to all these needs is still a wide open question in the
state of the art.

A multi-material approach has several interesting features for the fabrication of
micromanipulators. The use of two material allow to take advantage of huge stimuli-
induced deformation difference and elastic modulus difference across the device (For
example in [27], a maximal stimuli-induced deformation of 42 % in the BSA and 0%



in the SU-8, and elastic modulus of X kPa for the BSA and Y MPa for the SU-8 ),
which could help to efficiently guide the deformation of the active material in a useful
movement. It also allows to place the active material in specific locations, which could
help the multi-DoF' control of the microrobot. Moreover, the passive material can be
used advantageously to make a stable structure for the robot capable to withstand
and apply substantial forces. The use of a passive material with a simple mechanical
behavior (for example a linear elastic material with no substantial sensibility to its
environment) could also allow to make microrobots with a predictable and repeatable
behavior.

To explore these possibilities, we investigated the use of IP-S, a passive mate-
rial, with pNIPAM, a thermo-sensitive active hydrogel, in bi-material mechanisms
with integrated actuation (Fig. 1) printed with 2-step 2PP printing. To the best
of knowledge, bi-material tethered soft microrobots based on 2PP have never been
proposed at 100 m scale, with flexible mechanism structural skeleton, force and
displacement analysis with repeated cycle and printing, and finally demonstrated
on 3D microgrippers. The methods applied in this work are presented in section II.
In section III, the static behavior of pNIPAM actuator and its capacity to produce
large displacements and forces are studied through experimental measurement of
free displacement and FEM simulation of displacement under load on 50 m long
pNIPAM beams considered as actuators. The impact of the printing speed on the
pNIPAM actuators was also investigated according the maximal displacement and
forces generated by the pNIPAM actuator. In section IV, the behavior of 100 pm-scale
IP-S mechanism with integrated pNIPAM actuators is characterized. The angular
movement of a beam rotational joint actuated by a pNIPAM actuator is studied in
different configurations. The actuation of a 300 m long RR microrobot mechanism
is studied, with the repeatability of its movement tested during 5 actuation cycles.
As a proof of concept for 3D actuated mechanisms, 100 m-scale actuated grippers
are fabricated and actuated. Finally, conclusion and perspectives close the paper.

2 METHODS

2.1 Design, fabrication and experimental characterization

The structures demonstrated in this study have been designed as compliant mecha-
nisms in which actuators made from active materials beams were integrated. The use
of the compliant paradigm allowed to print the mechanism as one part capable to
withstand itself during fabrication. pNIPAM and IP-S were chosen as materials for
the actuator and the compliant mechanism respectively. The large deformation of the
pNIPAM allows to generate large movement of the structures. The high rigidity and
printability of the IP-S allow to make slender yet still robust structures, and shape
the material finely to obtain the degrees of freedom of the mechanism.

A 2-step printing process [28] based on a commercial 2PP printer (Photonic Pro-
fessional GT+, Nanoscribe GmbH) was employed for the fabrication of the bi-material



devices. The compliant mechanism was first printed out of a commercial IP-S resin
(IP-S, Nanoscribe GmbH), and then developed. In a second step, the actuators where
printed from a custom pNIPAM resin into the previously printed mechanism.

Fig. 2: Fabrication process for IP-S/pNIPAM bi-material microrobots: printing of the
IP-S flexible mechanism, development of the IP-S resin, alignement procedure with
cross markers, printing of the pNIPAM actuators in the IP-S mechanism, development
of the pNIPAM resin.

The displacement characterization was performed experimentally with a heat-
ing/cooling plate (Cole-Parmer IC20 C-P) to control temperature. A CMOS camera
(Imaging Source DFK 37BUX178) mounted on a microscope (Mitutoyo M Plan Apo.
7.5X/0.21 objective, with an Optem ZOOM 70XL optical tube) was used to acquire
images of the devices under heating. Measurements were later extracted from the
acquired video via image processing in Matlab.

2.2 Force simulation of the pNIPAM actuators using FEM

A FEM model was used to extrapolate the force that could be generated by the pNI-
PAM actuator. The pNIPAM was considered as a linear elastic material, while the
effect of temperature where taken into account using the phenomenological model pro-
posed by Puleo and al. [29]. The mechanical properties of the pNIPAM were expressed
relatively to the swollen state, with the pNIPAM state at Tg = 22°C considered as ref-
erence. In this model, the contraction V(T)/V(T0) of the material is modelized with
equation (1), with M and m the asymptotic value of the sigmoid function at high and



