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Abstract— This paper presents closed-loop position control
of a pneumatically actuated modular robotic platform “pneu-
magami” that can be stacked to enlarge work and design space
for wearable applications. The module is a 3 degrees of freedom
(DoF) parallel robot with two rotational and one translational
motion, which is actuated by three antagonistic pneumatic
pouch motor pairs attached to three leg joints. To control the
pouch motors, we utilize miniature proportional valves. As for
the sensing, we introduce a novel embedded resistive sensor
mechanism utilizing rotary-to-translational transmission. The
sensor’s transmission is modeled and verified by experiments.
Furthermore, we study analytic forward and inverse kinematic
models of the pneumagami module. Utilizing the models, we
design a closed-loop feedback controller to track two different
trajectories. The experimental results show that the module
follows the desired trajectories successfully. Thus, we report that
the proposed pneumagami modules can be utilized for achieving
a controllable robotic third arm with higher DoFs and range of
motion (RoM) when connected in series.

Index Terms— origami robots, wearable robots, pneumatic
actuators, embedded sensor, parallel kinematics, closed-loop
control, position control, trajectory tracking

I. INTRODUCTION

Robotic limbs providing task assistance and support consti-
tute one of the developing areas in wearable robotics. Many
researchers have proposed different robotic limbs designs and
methods. In [1]–[4], wearable robotic third and fourth arms
assisting users with different tasks have been introduced. In
[5] and [6], a supernumerary robotic forearm attached at
the elbow has been proposed. Finally, in [7], a multipurpose
serpentine robot with 25 DoF has been implemented. These
robots are mode of rigid components that brings along the
challenges with safe human-robot interaction (HRI).

To achieve safe human-robotic limb interaction, researchers
have investigated soft robotic alternatives [8]–[12]. In terms
of their form, these soft extra limbs can be classified as
single-segmented [13]–[18] and multi-segmented [9], [10],
[19]–[21]. However, in general, soft robots exhibit undesired
deformations and twisting motions under external forces and
have modeling and control challenges.

As an alternative to completely soft and completely rigid
robotic limbs, researchers introduced origami-based mechan-
ical continuum structures by leveraging origami design and
fabrication techniques that enable the design of lightweight,
scalable, and reconfigurable structures and robots. [22]–[30].
Those continuum structures and robots show both soft and
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rigid features by incorporating compliant hinges and rigid
elements, enabling safe human-robot interaction and high
load-carrying capacity. Furthermore, they provides high pas-
sive twisting stiffness, resolving the non-controllable twist-
ing problem in soft continuum arms. In [31], a foldable
lightweight, scalable, and stiff drone arm composed of Sarrus
linkage modules has been proposed. The arm has only one
DoF and one way actuation. The deployment of the arm count
on the gravity and its own weight. In [32], a tendon-driven
continuum robot composed of origami-inspired compliant
modules with helical compression springs has been presented.
The modules are connected to one tendon system, limiting the
workspace of the arm due to the modules’ coupled motion. In
[33], [34], the workspace limitation from the previous work
has been addressed by driving each module with a separate
tendon system enabling uncoupled motion of the modules.
However, in almost all of the tendon-driven origami-based
continuum limbs, the proposed limbs can only be actuated
in one-way. In other words, they count on the compression
springs or torsional/axial stiffness of the origami structure for
restoring the initial state or act against the external forces.

As alternatives to the tendon-driven actuators, various ac-
tuation methods integrated with origami designs have been
investigated such as electronic motors [35], piezoelectric
materials [36], shape memory alloys (SMAs) and polymers
(SMPs) [37], magnetics [38], and dielectric elastomers [39].
Apart from these methods, pneumatic actuation method offers
some advantages over the previous methods, such as a high
power-to-weight ratio, intrinsic compliance, safe actuation,
and relatively fast actuation [40]–[42]. Especially, planar
pneumatic pouch actuators provide easy integration with
origami-inspired mechanisms. However, precise control of the
pouch motors is still a challenge [43]–[45].

When it comes to the closed-loop control of the origami
extra robotic limbs, motion capture systems provide fast and
accurate position feedback. However, they are limited to
highly controllable research or laboratory environment. Angle
sensing for origami folds is an option to calculate the robot
position when combined with kinematic relations. Different
sensors have been explored for sensing the fold angles such
as strain gauges [46], Hall-effect sensors [38], liquid metal
sensors [45], piezoresistive angle sensors [47], and photo-
transistor and infrared light-emitting diode (LED) pairs [48].
However, existing sensing methods suffer from drift over
time, distortions due to external factors such as temperature,
magnetic field, and light.

Recently, an origami-inspired modular robotic pneumagami
platform actuated by pouch motors has been proposed [49] by
leveraging the advantages of modular soft and origami robots



Copper 

Layer

Folded into 

3D Shape

Sensor with

 Transmission

Pouch

Motor

c. Origami-inspired third arm

Serial 

Connection

Waterbomb

Leg50 mm

a. Laminate Fabrication b. 3-DoFs "Pneumagami" Module

Fig. 1. Soft actuator-based parallel origami module design and construction: by utilizing laminate fabrication, we stack FR4, adhesive, and Kapton
layers with specific shape and folding patterns and form the module frame. Then, we place copper and resistive layer utilized for embedded angle sensing
(a). Finally, we attach planar pouch pairs and fold the flat structure into a 3D shape. We obtain a 3 DoFs module with a closed kinematic chain (b). This
compliant and lightweight module with pneumatic actuation and embedded sensing can be connected in series to construct a supernumerary origami-inspired
robotic continuum arm (c).

[21], [35]. The design enables reconfigurable and high DoF
systems with built-in compliance. The module performance
and properties have been characterized, and an open-loop
on/off control has been applied. Here, we present a follow-up
study that focuses on high fidelity closed-loop position control
of a pneumatically actuated origami-inspired module with
novel embedded sensors to be potentially used for lightweight,
reconfigurable, and safe extra robotic limbs as shown in
Figure 1.

In this paper, first, we study the forward and inverse
kinematics of the 3-DoFs origami-inspired parallel module
inspired by Canfield mechanism [50]–[52], in which three
independent waterbomb legs dictate the workspace of the
module. Second, we propose a novel sensing method utilizing
an embedded resistive layer with translational-to-rotary trans-
mission to reliably measure the folding angle for estimating
the module end effector’s positions and orientation. Utilizing
the proposed sensing method, we can easily distribute the
sensors to many folding joints. Third, we apply closed-
loop position control and trajectory tracking driven by soft
pneumatic pouch actuators utilizing proposed forward and
inverse kinematic models for the sensor transmission and the
module.

The main contributions can be summarized as:
• A novel embedded angle sensing method with

translational-to-rotary transmission, which is easily dis-
tributable to many origami folds

• Forward and inverse kinematic analysis of the module
and sensor transmission and experimental validation of
the models

• High fidelity closed-loop control of parallel origami
structures with embedded sensors, driven by soft pneu-
matic pouch motors

II. MODULE DESIGN

A 3-DoF pneumagami module [49] incorporates compliant
folding hinges and rigid laminates with specific folding pat-
terns. Its frame is composed of three parts: a base hexagon,
a top hexagon, and three identical waterbomb legs serving
as spherical joints. We utilize layer-by-layer manufacturing
method for the fabrication of the frame. Then, we attach

three antagonistic planar pouch motor pairs to three leg joints
for two-way joint actuation. Then, we fold the structure into
a 3D parallel mechanism. The mechanism design provides
3 DoF motion (two rotational and one translational), fully
controllable with three leg joints. When collapsed, the module
goes to a quasi-flat shape. The proposed design allows the
construction of a continuum robotic arm by a serial connec-
tion of the modules as shown in Figure 1.

Unlike [49], this new design incorporates embedded sensors
and proportional valves to enable high fidelity closed-loop
position control of the module. We have copper and resistive
layers attached to the base for achieving embedded folding
angle sensors in this new design. The novel sensor, explained
in more detail in the next section, enables feedback control of
the module. Moreover, instead of solenoid valves, we utilize
proportional valves. While solenoid valves have an on/off
working principle, proportional valves can control the airflow
proportionally with applied current or voltage. Thus, they
enable more precise modulation of the output pressure.

The mini proportional valves used in the control setup have
only two ports which means they do not have exhaust. When
the valve is closed, the air in the pouch cannot be released.
Therefore, the pouch motor always stays inflated. The first
solution is to use two valves for each pouch motor and control
the input and exhaust airflow. The second solution is to open
a circular hole with 0.5 mm radius on the pouch to have a
constant exhaust to reduce the number of valves required.
Thus, we only control the input airflow. Although the hole size
affects the max pressure, bandwidth, and control performance,
we chose the second option in order to reduce the cost.

III. NOVEL SENSING MECHANISM

Sensing of fold angles allows obtaining the position and
orientation of pneumagami’s end effector when combined
with reliable kinematic models. Here, we introduce a novel,
precise embeddable angle sensor and its mechanism. To
measure the folding angle, we place a copper and resistive
layer on the base hexagon and a sliding laminate linkage,
slider, on the resistive layer. The traces on the copper layer
allows the current to pass through the resistive layer. We
constrain the slider’s motion to one DoF translational motion.



The slider is connected to the rotating arm by a connecting
linkage equivalent to a compliant slider-crank mechanism or
origami slider joint [38] as illustrated in Figure 2. When the
arm is rotated, the slider moves on the resistive layer and
changes the measured resistance like a linear potentiometer.
From the resistance change, we find the linear displacement.
Finally, from the displacement, we calculate the folding angle
utilizing transmission kinematics.

Fig. 2. Embedded sensor mechanism and design: We place an origami
slider connected to the rotating arm on copper and resistive layers. When the
arm rotates, the slider mechanism converts rotational motion into one DoF
translational motion. The slider moves on the resistive layer and changes
the measured resistance. By utilizing the kinematics of the transmission, we
measure the folding angle.

Instead of creating a custom resistive layer and char-
acterizing and optimizing its performance, we utilize off-
the-shelf mini linear potentiometers as resistive layers for
simplicity. We connect the slider to the potentiometer shaft
by cutting a hole on the slider with a high-accuracy laser-
cutter. We manually assemble the slider and the potentiometer
as demonstrated in Figure 2. Although mini potentiometers
provide reliable output performance in terms of linearity,
operating life, and tolerance, embedding resistive layers by
using inkjet printing or adding graphite or carbon films will
allow the design of highly customizable and scalable sensors.
Also, it will enable easy integration of the sensor with the
laminate fabrication method and, therefore, require no manual
assembly. In future work, we plan to try previously described
techniques and investigate sensor performance.

c

d

b

a

x

Fig. 3. Sensor kinematic model in 2D

To convert voltage reading to the folding angle and vice
versa, we study the forward and inverse kinematics of the
transmission. We analyze the transmission in 2D as shown
in Figure 3. a,b,c,d, and x represent the distance between
the axis of rotation and the rod’s connection point to the

arm, the length of connecting rod, first offset, second offset,
and the horizontal distance of the slider center to the axis of
rotation respectively. θ , and β stands for the folding angle of
leg and the angle between connecting rod and resistive layer,
respectively. We write the kinematic relation as follows:

x = b · cos(β )−a · cos(θ)+d · sin(θ) (1)

β = arcsin
(

a · sin(θ)+d · cos(θ)− c
b

)
(2)

If we substitute (2) into (1), we obtain

x2 +σ1 · x+σ2 = 0 (3)

where

σ1 = 2a · cos(θ)−2d · sin(θ)

σ2 = a2−b2 + c2 +d2−2c(d · cos(θ)+a · sin(θ))

When we solve the second-order polynomial equation, we
obtain

x1,2 =
−σ1±

√
σ2

1 −4σ2

2
, x > 0 (4)

Thus, we calculate the linear from the folding angle θ by
the previous forward kinematic equations. However, to calcu-
late the folding angle from the linear displacement reading,
we need the inverse kinematic model. In other words, we need
to derive the θ as a function of x. Therefore, we modify the
equation (3) by applying tangent half-angle substitution and
obtain a second-order polynomial equation.

cos(θ) =
1− t2

1+ t2 , sin(θ) =
2t

1+ t2 , t = tan
θ

2
(5)

Substituting (5) into (3) gives

ε1 · t2 + ε2 · t + ε3 = 0 (6)

Solutions of the second-order polynomial equation

t1,2 =
−ε2±

√
ε2

2 −4ε1ε3

2ε1
(7)

θ1,2 = 2arctan(t1,2), θ ∈ [0,π]

Hence, this inverse kinematic equation allows us to convert
the linear sensory reading to the actual folding angle.

To validate the proposed sensor kinematics model, we
conduct an experiment as shown in Figure 4 and provide
parameter values for sensor mechanism in Table I. Here, we
keep the end effector parallel to the module base, change the
height from 11 to 41 mm with 5 mm steps, and repeat the
experiment four times. Then, we compare the model to the
measured leg angles read by the embedded sensors in Figure
5. The measured data have 0.08 mm root mean square (RMS)
displacement error. Moreover, the RMS error between the
model and measured data is 2.2◦. The errors can be attributed
to measurement errors and small misalignment due to the
manual assembly of potentiometers and connecting rods.
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Fig. 4. Sensor characterization: We attach the module end effector to a
linear stage using a spacer and a fixation. While keeping the module’s top
and bottom hexagons parallel, we increase the module’s height by 5 mm steps
by changing the position of the end effector manually. Then, we record the
actual height and sensory data. Finally, using sensor kinematics, we calculate
the leg angle.
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Fig. 5. Model vs measured folding angle: We repeat the experiment four
times and plot the average measured data with error bars. Then, We compare
it with the model. The RMS error between the model and measured data is
around 2.2◦.

IV. KINEMATIC MODEL OF THE MODULE

We need inverse and forward kinematic models of the
module to control the position of the module and calculate
the end-effector position from angle sensory reading. The
kinematics of the 3-DoF Canfield parallel mechanism has
been analyzed in previous works [32], [50], [51]. We modify
the inverse kinematic model to our hexagon base shape.
When it comes to the forward kinematics, in [32], [51], since
modules are driven by linear SMA and tendon actuators,
researchers calculate the position and orientation of the end
effector as functions of the input length variables, which are
the distances between three top and bottom platform vertices.
However, in our case, we drive a similar parallel mechanism
with rotary inputs. Therefore, we obtain a forward kinematic
model that gives the end effector’s position and orientation as
a function of leg angles.

A. Inverse Kinematics

To drive the pneumagami module to a specific configu-
ration, we study the parallel mechanism’s inverse kinematic
model. The model provides the input leg angles ϕi corre-
sponding to the position and orientation of the end effector
center Op with respect to the module base center Ob presented
by (r0,ψ,δ ) in polar coordinates as illustrated in Figure 6.

Fig. 6. Kinematic model of parallel pneumagami module and model
parameters

Bi, Ci, and C′i are the center of waterbomb legs, the
corners of the base hexagon, and the corners of the top
hexagon, respectively as seen in Figure 6. The top and bottom
hexagons are symmetric with respect to the virtual plane
passing through three waterbomb centers. XY Z and X ′Y ′Z′

are the local coordinate frames at the centers of the base
Ob and top hexagon Op, respectively. Let rrrp represent the
position vector from Ob to Op given by

rrrp = r0

 sinψ cosδ

sinψ sinδ

cosψ

= r0 nnn (8)

where r0 is the distance between Ob and Op, nnn is the unit
vector in the direction of rrrp, δ is the angle from X-axis to the
projection of vector rrrp to base hexagon plane, and, finally, ψ

is the angle from Z-axis to rrrp.
The position vector rrrp is perpendicular to the virtual plane

due to the symmetry between the base and top hexagons with
respect to the virtual plane. Let M be the intersection point
of rrrp and virtual plane, which is the midpoint of OOObOOOp. Let
rrrnm represent the vector from M to N, which is an arbitrary
point on the virtual plane.

rrrnm = rrrm− rrrn =
r0

2

 sinψ cosδ

sinψ sinδ

cosψ

−
 x

y
z

 (9)

Then, the following equation holds since rrrm and rrrnm are
perpendicular to each other.

nnn · rrrnm = nnn · rrrn−
r0

2
= 0 (10)

The position of waterbomb centers Bi’s with respect to
XYZ coordinate frame is



bbbi =

 cosφi(r+ l cosϕi)
sinφi(r+ l cosϕi)

l sinϕi

 (11)

where φ1 = 0, φ2 = 2π/3, and φ3 = 4π/3. r and l represent
the radius of the hexagon’s inscribed circle and the half of
arm length or, in other words, the distance from waterbomb
center to the folding hinge.

Since the waterbomb centers Bi are on the virtual plane,
they also satisfy the equation (10). Finally, we obtain the
following equations by substituting (11) into (10).

l cosψ sinϕi + sinψ cos(δ −φi)(r+ l cosϕi)−
r0

2
= 0 (12)

In order to represent (12) in polynomial form, we apply
tangent half-angle substitution as follows:

cosϕi =
1− ti2

1+ ti2
, sinϕi =

2ti
1+ ti2

, ti = tan
ϕi

2
(13)

Finally, we derive the following second-order polynomial
equation

aiti2 +diti + ei = 0 (14)

The solutions of equation (14) are

ti =
−di±

√
di

2−4aiei

2ai
. (15)

Finally, we calculate the input angles ϕi

ϕi = 2arctan ti, ϕ ∈ [0,/pi/2] (16)

Thus, inverse kinematic equations (15) and (16) allow us to
calculate the corresponding folding angles to a specific end-
effector position and orientation.

B. Forward Kinematics

To calculate the end-effector position and orientation from
the folding leg angles, we analyze the forward kinematics
of the module. Since three waterbomb centers Bi are on the
virtual plane, we can calculate the orthogonal vector N to the
virtual plane as follows:

NNN = (bbb1−bbb2)× (bbb1−bbb3) (17)

The distance from Ob the virtual plane is

d =
(bbb1−OOOb) ·NNN
|NNN|

(18)

The vector from the base to top hexagon centers OOObOOOp is
parallel to the orthogonal vector N and its magnitude is equal
to d. Thus, we can calculate the end effector’s position OOOp
as follows:

OOOp = 2d
NNN
|NNN|

+OOOb (19)

Using the forward kinematics equations, we derive reachable
and actuated workspace of the module as shown in Figure

Fig. 7. Current pneumagami module prototype workspace using
forward kinematic model: The plot shows the reachable workspace of the
module without any actuator and achievable workspace with pouch motors.
The workspace with actuator is limited since we can achieve 0 to 60◦s folding
at the legs with the pouch motors, whereas the structure design allows 0-90◦s
folding angle.
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Fig. 8. Experimental setup for pneumatic control: the setup consists
of six miniature proportional valves, a pressure gauge, an Arduino board,
electronic components, flexible tubes, a load, and the module.

7. In the simulation, we use the module prototype dimen-
sions given in Table I. The reachable workspace illustrates
the maximum workspace that the module structure allows,
while the actuated workspace shows the achievable workspace
with pouch motors. There is difference between the two
workspaces because pouch motors can achieve maximum 60◦s
folding angle whereas the structure allows 90◦s folding angle.
Therefore, we sweep the folding angles φi, i ∈ [1,3] from 0
to π/2 and 0 to π/3 for reachable and actuated workspaces
respectively. Finally, we scatter the end effector positions in
the plot.

V. CLOSED-LOOP POSITION CONTROL

In this section, we apply closed-loop position control to the
pneumagami module to track straight and circular trajectories.
For the experiments, we create a prototype of the origami-
inspired module whose design parameters and characteristics
are given in Table I. There are six miniature proportional
valves (VSO® LowPro) to drive six pouch motors embedded
in the module surface.
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Fig. 9. Trajectory tracking experiment results: In these tests, the module follows a vertical straight line and a circular path. We compare 3D target
trajectories and actual module end-effector positions in (a) and (b). Furthermore, we provide RMS tracking errors with shaded error regions in cartesian
coordinates in (c) and (d).

TABLE I
MODULE AND SENSOR DESIGN PARAMETERS

Module Parameters Sensor parameters
Angular RoM 40◦ Linear RoM (∆x) 8 mm

Arm Width 30 mm a 4 mm
Arm Length 50 mm b 8.5 mm

Contracted Height 14 mm c 3.4 mm
Extended Height 44 mm d 3.3 mm

Total Mass 43 g
Max. Linear Force 3 N (@60 kPa)

Although it highly depends on the material and sealing
utilized, our pouch motors can handle up to 150 kPa input
pressure before bursting. Therefore, we supply a constant
pneumatic pressure at 90 kPa to the control valves using a
pressure gauge (SMC) to be on the safe side. We modulate
the output pressure by driving the proportional valves with
12V PWM signals by converting 5V Arduino PWM signals
to the 12V PWM signals using a transistor array. Moreover,
we connect flyback diodes across the proportional valves
to eliminate sudden voltage spikes and a capacitor between

the ground and 12V to prevent fluctuations. The PID-based
control algorithm running on the Arduino board creates the
PWM signals. The controller receives the sensory feedback
through wires. The overall experimental setup is shown in
Figure 8.

To track a given trajectory, we calculate angular position
setpoints for a given trajectory utilizing the proposed inverse
kinematic model of the module. Moreover, we convert sensory
voltage reading to actual leg angle positions. We give the
errors between the angular setpoints and actual leg angles
to the PID controller tuned by Ziegler–Nichols method.
The controller computes the control PWM signal and drives
the proportional valves. We record the measured angles to
calculate the actual end-effector positions and compare them
to the target trajectory.

To validate our models, embedded sensors, and pneumatic
control method, we track two different trajectories: a vertical
straight line with 10 mm length and a circular path with 3.6
mm diameter. We put a 50 g load on the module for the first
trajectory and send a sinusoidal height reference input within



the module’s workspace. We conduct the second experiment
with a 10 g load and send a circular reference input within
the module’s workspace. We repeat both experiments three
times, record the target trajectory and the actual position of
the end effector for two experiments, and, finally, compare
them in Figure 9a and 9b in 3D. Moreover, in Figure 9c
and 9d, we provide RMS tracking errors in cartesian axes
with shaded error regions for both trajectories. The module
successfully tracks the trajectories by reaching up to 1.5
mm/s end effector speed. Thus, this is the first time we
report high fidelity controllability of not only this module but
also other origami structures with embedded sensors using
multiple pouch actuators as reliable means.

To evaluate the controller’s tracking performance and band-
width, we perform the vertical line tracking experiment by
giving a sinusoidal reference input and doubling the frequency
at each turn until we reach 10 Hz input. We repeat the
experiment three times and calculate the RMS error for three
cycles at each frequency and divide it by the maximum range
of motion to normalize it. Figure 10 shows the results in a
log-log plot.
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Fig. 10. The results of the tracking of a sinusoidal reference input:
We conduct the trajectory tracking experiment by changing the frequency of
the sinusoidal reference trajectory. We show RMS tracking error at different
frequencies.

The tracking errors can be attributed to measurement errors,
system delay, and controller performance. Especially, increas-
ing the external load leads to larger errors and instability. We
observe that the module can track the trajectories successfully
with max load 50 g load. The performance can be improved
by utilizing more complex control methods such as adaptive
and discrete-time controls. Furthermore, after studying the
dynamics of pouch motors and the module, model-based
control techniques can be applied to improve the performance.

VI. CONCLUSION

This study presents models that allows the closed-loop
position control of an origami-inspired module with a parallel
kinematic chain utilizing soft pneumatic pouch actuators and
a novel embedded sensor mechanism. The significance of this
work lies in the possibility of having a completely embedded
system that is highly controllable despite the volume and non-
linearity of the soft actuators. Forward and inverse kinematic

analysis of the module and sensor transmission enable us
to track trajectories with precision. Novel embedded sensing
method allows reliable and distributable angle sensing for
origami mechanisms. Based on our closed-loop trajectory
tracking results, we demonstrate that soft pouch actuators can
be used for high fidelity position control of origami-inspired
robots. Thus, the proposed module with embedded sensing
and pneumatic actuation method allows the design of modular,
safe, lightweight, scalable, reconfigurable, and controllable
extra origami modules for wearable applications.
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Plante. Multifunctional remotely actuated 3-dof supernumerary robotic
arm based on magnetorheological clutches and hydrostatic transmission
lines. IEEE Robotics and Automation Letters, 5(2):2546–2553, 2020.

[5] Vighnesh Vatsal and Guy Hoffman. Wearing your arm on your sleeve:
Studying usage contexts for a wearable robotic forearm. In 2017
26th IEEE International Symposium on Robot and Human Interactive
Communication (RO-MAN), pages 974–980. IEEE, 2017.

[6] Vighnesh Vatsal and Guy Hoffman. Design and analysis of a wearable
robotic forearm. In 2018 IEEE International Conference on Robotics
and Automation (ICRA), pages 5489–5496. IEEE, 2018.
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