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Abstract— This work focuses on closed-loop control based
on proprioceptive feedback for a pneumatically-actuated soft
wearable device aimed at future support of infant reaching
tasks. The device comprises two soft pneumatic actuators
(one textile-based and one silicone-casted) actively controlling
two degrees-of-freedom per arm (shoulder adduction/abduction
and elbow flexion/extension, respectively). Inertial measurement
units (IMUs) attached to the wearable device provide real-time
joint angle feedback. Device kinematics analysis is informed by
anthropometric data from infants (arm lengths) reported in the
literature. Range of motion and muscle co-activation patterns in
infant reaching are considered to derive desired trajectories for
the device’s end-effector. Then, a proportional-derivative con-
troller is developed to regulate the pressure inside the actuators
and in turn move the arm along desired setpoints within the
reachable workspace. Experimental results on tracking desired
arm trajectories using an engineered mannequin are presented,
demonstrating that the proposed controller can help guide the
mannequin’s wrist to the desired setpoints.

I. INTRODUCTION

Innovation in pediatric assistive devices appears to lag
compared to advances in devices for adults [1]–[4]. Key
differentiating factors (e.g., working with smaller body pro-
portions that vary with time and supporting greater activity
levels and longer use of devices compared to adults) make
the development of pediatric devices extra challenging; es-
pecially those intended for use by infants (0-2 yrs of age)
[1]–[3]. Specifically for upper extremity (UE) assistance,
only a few passive devices are currently available (e.g., the
Pediatric Wilmington Robotic Exoskeleton [5] and wearable
Playskin [6]). Active assistance and feedback-based control,
however, may be critical innovative features allowing for
greater efficiency and higher precision when performing UE
movements. In our previous work [7] we introduced the first
soft-actuated wearable for UE movement assistance designed
specifically for infants, using silicone-based pneumatic actu-
ators in a 4-DOF (two per limb) UE exosuit.

As active assistance becomes an important element for
soft wearables, actuation needs to be considered carefully
both in terms of the form/type of the actuators used and
the type of control (open-loop, feedback) employed. Var-
ious types of soft actuators including 3D-printed [8], [9],
silicone-casted [7], [10] and textile [11]–[14] ones have
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Fig. 1. The current wearable prototype, featuring soft pneumatic actuators
to generate motion about elbow and shoulder joints. (a) Testing with an
engineered mannequin, using two IMUs one in the upper arm and one in
the forearm. (b) Shoulder actuator design, with two channels and insert in
the armpit. (c) Silicon-casted bending elbow actuator.

been developed and employed in the context of wearable
devices [15] for adult rehabilitation [16], [17], strength
augmentation [18], [19] and fatigue reduction [12], [20].
From a closed-loop control design standpoint, a recent study
proposed kinematic control of a pneumatic textile actuator
to assist in shoulder motion [21]. Position and force control
methods were explored in [22]. Data-driven approaches to
characterizing bending angles and controlling soft actuators
were also discussed [23], [24]. Position control methods for
soft actuators often consider PID implementation [25], [26]
and LQG [27]. In such feedback-based controllers (as in
this work too), state estimation (e.g., end-effector position)
of the device is required. To eventually make these devices
useful in out-of-lab settings (where motion capture is not
available) sensing methods for position estimation can utilize
strain sensors [28] and EMGs [14], IMUs [29], flex sensors
[24] and image analysis [30], [31]. Design for sensing
in soft robotics is discussed in [32], whereas algorithmic
considerations for infants’ wearables are highlighted in [33].

Key factors leading to successful pediatric assistive de-
vices include weight, level of safety, and ease of opera-
tion [34], [35]. Herein we employ commercially-available
IMUs for state feedback that are lightweight, enclosed, and
directly transmit data that can be used by the user or within a
software development pipeline (as herein). The current pro-
totype (Fig. 1) comprises lightweight pneumatically-powered
textile and silicone actuators for controlling motion about the
shoulder and elbow joints for a single arm, respectively. A
pneumatic control board to operate the actuators is mounted
off-body at this stage of development.

The primary contribution of this paper is the development
of a closed-loop pneumatic proportional-derivative (PD) con-
troller based on proprioceptive feedback from two IMUs
mounted on the upper arm and forearm links of an engineered
mannequin. PD control with on/off switching of pneumatic



valves [36] has been found more robust in tracking higher
frequencies than a PID controller. Other works have also used
PD control for exoskeletons in rehabilitation [37], [38] and
valve PWM switching for pneumatic position control [39].

The controller is tasked to track arm trajectories deemed
relevant to infant reaching according to the literature, and
incorporates kinematics constraints related to how infants
reach. The controller regulates the pneumatic pressure inside
the two actuators to achieve end-effector (wrist) setpoint
tracking. Experimental testing using the engineered man-
nequin shows that our proposed controller can work well to
make the device’s end-effector follow the desired trajectories.

II. PROBLEM DESCRIPTION

This work seeks to develop a closed-loop controller based
on proprioceptive feedback for a pneumatically-actuated soft
wearable device that is analogous to a 2-DOF system, to
support UE movement. We test the controller with a wooden
mannequin (Fig. 2) scaled based on infant anthropometric
data. The torso of the mannequin is, for the purposes of
this study, fixed in space. Consider the inertial coordinate
system Pi = (X ,Y,Z), here taken to be aligned with the
mannequin’s right shoulder, and let the desired (calculated
by inverse kinematics of a desired point Pd) shoulder and
elbow joint angles (for the mannequin’s arm to achieve) be
θs and θe, respectively. In contrast to rigid exoskeletons,
these two joints are controlled via pneumatic actuators in
our work. One pneumatic actuator (as) is responsible for
shoulder adduction/abduction, while the other (ae) controls
elbow flexion/extension.

The goal is to regulate the pneumatic actuators’ internal
pressure such that the final position of the wrist reaches w =
Pd . To achieve so, we first generate desired trajectories for the
joint angles in the form of quintic polynomials minimizing
jerk in motion and respecting acceleration constraints. Every
motion starts and finishes at rest, and motion constraints are
shown in Table I, where θs, θe and θs̈, θë are the shoulder and
elbow joints position and acceleration, respectively. Then,
we derive a Proportional-Derivative (PD) controller based
on propioceptive feedback, namely two IMUs located at the
upper arm and forearm of the mannequin.1

TABLE I
KINEMATICS CONSTRAINTS

θsMIN θsMAX θeMIN θeMAX θs̈,θë(t = 0) θs̈,θë(t = T )

0 π/2 0 π/2 0 0

III. TECHNICAL ANALYSIS

This section contains the key technical contributions of
the paper. We begin by performing a kinematics analysis of
the wearable device. We then detail how to construct desired
joint angle trajectories that are appropriate for infants. Lastly
yet importantly, we develop a closed-loop PD controller

1 At this stage of development, the device operates at a quasistatic
regime. As such, dynamic effects and disturbances have been excluded from
modeling and control design and comprise part of future work.

Fig. 2. Reference frames, joint angles and links used in kinematics analysis.

for a pneumatically-actuated system based on IMU device
egomotion feedback.

A. Device Kinematics Analysis

Range of motion and acceptable workspace constraints
for our wearable device were informed by relevant infant
studies. First, the length of the upper arm (dse) and forearm
(dew) were chosen to be dse = dew = 70 mm for a 7-month-
old infant based on [40] (which considered 198 6-9 month-
old infants). Second, our literature review on infant reaching
kinematics [41]–[43], revealed an average reaching duration
of about 1 sec, and average and peak velocities of 283 mm/s
and 565.4 mm/s, respectively. Third, reaching workspace
information was obtained from a recent study with 10
infants affected by brachial plexus palsy, which assessed
the UE reachable workspace of their affected and unaffected
limbs via motion capture [44]. Lastly, information on infant
movement control was derived by a study that assessed the
effects of object size (among others) on reaching, and found
that larger objects tend to be grasped in a feed-forward
manner (symmetrical hand-speed profiles), in contrast to
smaller objects where feedback control was present (asym-
metrical hand-speed profiles) [45]. Figure 3 visualizes these
constraints in the form of the device’s workspace (left panel)
and desired configurations for the end-effector to reach (right
panel).

With reference to Fig. 2, the Denavit-Hartenberg parame-
ters of the mechanism can be directly computed (Table II).

TABLE II
DENAVIT-HARTENBERG PARAMETERS

θ j d j r j α j

θs 0 dse π/2
θe 0 dew 0

The homogeneous transformation matrix then is

T =

⎡⎢⎢⎣
cθscθe −cθssθe sθs cθs(dse +dewcθe)
sθscθe −sθssθe −cθs sθs(dse +dewcθe)

sθe cθe 0 dewsθe
0 0 0 1

⎤⎥⎥⎦ , (1)

with orientation of the end-effector ω = [0,θs,θe]
T . The for-

ward kinematics leading to the end-effector position [x,y,z]T

is given by the first three values of the last column of T , i.e.⎡⎣x
y
z

⎤⎦=

⎡⎣cθs(dse +dewcθe)
sθs(dse +dewcθe)

dewsθe

⎤⎦ , (2)



Fig. 3. Wearable workspace (left) considering position constraints and
average upper extremity and forearm measurements for infants and desired
points (right) for trajectory generation.

and thus the joint angles are computed by

θs = atan2(y,x), θe = atan2(z,
√︁

x2 + y2 −dse) . (3)

The Jacobian matrix of the end-effector (Jee) is

Jee =

⎡⎢⎢⎢⎢⎢⎢⎣
−sθs(dse +dewcθe) −dewcθssθe
cθs(dse +dewcθe) −dewsθssθe

0 dewcθe
0 0
0 1
1 0

⎤⎥⎥⎥⎥⎥⎥⎦ . (4)

Jee is non-square (Jacobian deficient) as the system is under-
actuated. In this case, since only two DOFs are controllable,
we can separately analyze the first three rows of Jee, disre-
garding the last two rows (ωy and ωz) as they are redundant.

Considering the square sub-matrices J1, J2 and J3 as elim-
ination of the third, second and first rows of Jee and taking
the determinant and plotting against angles θs and θe, we
obtain regions of singularities (Fig. 4). The workspace for the
wearable can also be determined. Considering the position
limits described in Table I, a set of end-effector positions is
calculated and approximated by alpha shapes [46].

B. Trajectory Generation

Three distinct modes of actuation were considered based
on previous work on muscle co-activation in infant reach-
ing [47] and prior testing of our initial prototype [7]:

• Biceps only (BO): elbow actuator trajectory.
• Deltoid only (DO): shoulder actuator trajectory.
• Combined Muscle (CM): elbow and shoulder actuators’

trajectory combined.

TABLE III
DESIRED POINTS FOR TRAJECTORIES AND JOINT ANGLES

Pd (X ,Y,Z) θds θde Type

P0 (0,0,0.1400) π/2 0 Start
P1 (0,0.1195,0.0495) π/2 π/4 BO
P2 (0,0.0700,0.0700) π/2 π/2 BO
P3 (0.0990,0.0990,0) π/4 0 DO
P4 (0.0845,0.0845,0.0495) π/4 π/4 CM
P5 (0.0495,0.0495,0.0700) π/4 π/2 CM
P6 (0.1400,0,0) 0 0 DO
P7 (0.1195,0,0.0495) 0 π/4 CM
P8 (0.0700,0,0.0700) 0 π/2 CM

We consider eight distinct types of trajectories (two BO,
two DO and four CM – see Table III). To create smooth

Fig. 4. Jacobian determinant of the sub-matrices and singularity points, cor-
responding to shoulder and arm fully extended (θs,θe) = {(0,0),(π/2,0)}
and flexed elbow (θs,θe) = {(0,π/2),(π/2,π/2)}.

and dynamically-feasible trajectories we consider quintic
polynomial time scaling [48], i.e.

Pd(t) = a0t5 +a1t4 +a2t3 +a3t2 +a4t +a5 . (5)

Trajectories are constructed by taking the first and second
derivative of (5), evaluating them and (5) at the boundary
conditions listed in Table I, and solving a linear problem to
identify coefficients a j, j = 0, . . . ,5. Desired configurations
are visualized in the right panel of Fig. 3; corresponding
numerical values are included in Table III. The global
reference frame at the shoulder joint is located at P0 and
(X ,Y,Z) represents the wrist coordinate.

Fig. 5. Schematic diagram of the PD controller for the wearable device.

C. Pneumatic Feedback Control Design

We develop two PD controllers (PDi) to regulate the
amount of pressure inside the actuators so that we can realize
the aforementioned desired trajectories. The control structure
is summarized in Fig. 5. Let the error signal be

ei(t) = θdi(t)−θmi , i = s,e , (6)

where ei(t) is the position error between the time-scaled
desired joint angle values θdi(t) (specified in Table III)
and angles measured online using the IMUs (θmi ). The PD
controller acts on the error producing a PWM % signal
mapped to the actuators via a pneumatic control board
(detailed in the next section). The controller attains the form

Kgaini(t) = K piei(t)+Kdi
d
dt

ei(t) , i = s,e , (7)

where Kgaini(t) are the gains translated to PWM signal for
the actuators ai (with maximum value of 100, meaning 100%
PWM), K pi and Kdi are the proportional and derivative gains
for each of the actuators ai, respectively.



Fig. 6. Averaged angle response based on different PWM values for both
actuators (top) with sampling time Ts = 0.065 s, and tuned PD controller
based on the system model described in (8).

To approximate the system model, experimental data of
PWM and angle variation (using a motion capture system)
were collected using the same sample time (Ts = 0.0625 s)
for both actuators and averaged (Fig. 6). Both systems were
modeled as a spring-mass-damper, and Matlab (tfest) was
used to estimate the transfer functions as

as =
52.62

s2 +15.57s+101.10
, ae =

16.11
s2 +0.271s+36.88

(8)

with estimation fit of 90.58% for the shoulder and 92.32%
for the elbow actuator, respectively. The model in (8) was
tuned via Matlab (Fig. 6) using the pidTuner Toolbox,
resulting to K ps = 211, K pe = 213, Kds = 15, and Kde = 27.

IV. EXPERIMENTAL TESTING AND RESULTS

The wearable device and its pneumatic actuators are
depicted in Fig. 1. The choice of components reflects the
need for a device which minimizes discomfort (in terms
of restriction of movement and weight) while also being
functional and affordable. The experimental setup (hardware
setup and software integration) for implementation as well
as discussion of obtained results are described next.

A. Experimental Setup

A custom-made wooden mannequin scaled according to
infant anthropometric data [7] was used to mount the
wearable device (Fig. 1, left). For actuation, two different
pneumatic designs were adopted (Fig. 1, right). The elbow
actuator (ae) is fabricated using 3D-printed casting molds
and Smooth-On Dragon Skin 30 silicone [7]. The shoulder
actuator (as) was made via heat-sealable coated Oxford fabric
[49], to allow for better mobility of the joint while still
supporting the arm as compared to a silicone counterpart [7].

The use of wireless IMUs [29] intends to facilitate usabil-
ity while also minimize restrictions on the movement on the
device. We have utilized the Mbientlab MetaMotionRl device
which has 9-axis measurements of accelerometer, gyroscope
and magnetometer, and provides sensor fusion streaming

Fig. 7. Experimental setup for the motion capture system and example of
motion to point P8 (from left to right).

quaternions in real time using BLE communication. Two
sensors (see Fig. 1) were placed at the midpoints of forearm
(IMUs) and upper arm (IMUe) for estimating angles θs and
θe. For evaluation, a 12-camera Optitrack motion capture
system (Fig. 7) was used for ground truth in experiments.

To implement the controller, an Nvidia Jetson Nano run-
ning ROS (Robot Operating System) communicated with the
pneumatic control board (which uses the same layout as
in [50]) through an Arduino Nano microcontroller running
Rosserial. The board (Fig. 8) has four pumps and four valves,
with maximum pressure of 50 kPa and flow rate of 2 l/min.

Fig. 8. Pneumatic control board with pumps and valves distribution (P,V
indicates both pressure and vacuum can be sent to the actuators).

Control and IMU data acquisition modules are python
scripts; communication modules to the pneumatic control
board are in C++. Communication between both modules
was done via ROS at a rate of 50 Hz.

B. Results and Discussion

A total of 64 experiments (eight per desired trajectory
Pi, i = 1, . . . ,8 as per Table III) were performed to test
our controller. Figure 9 depicts obtained results. It can be
readily verified that the controller performs well for most
BO, DO and CM type trajectories, closely following the
desired trajectories. Values for the PWM% were consistent
with the expected behavior of the controller. A high (near
100%) PWM indicated more pneumatic effort to achieve the
desired joint angle (usually required by the elbow actuator,
since it has more mechanical resistance than the shoulder
actuator, in P2 and P5 for instance), and no effort when no
joint displacement was required (for shoulder in BO and
elbow in DO type trajectories, in P2 and P3 for instance).

However, significant steady state error was observed for
some trajectories requiring large elbow displacements θe >
π/4, such as for P2, P5, and P8 (Fig. 10). Factors such as
insufficient pressure from the pneumatic board (since this
type of silicone-casted actuators requires higher pressure than
the textile-based one) combined with the limited range of
motion for the used actuators were the main contributors
to steady state errors. Further, inability for the mannequin
to maintain shoulder planar motion while performing elbow
flexion/extension (interfering with the angular feedback from



Fig. 9. Experimental results for the spatial trajectories defined by Table
III, there P0 was the initial point in the trajectory.

Fig. 10. Average absolute position error of the shoulder and elbow actuators
as a function of time for all trajectories. As it can be seen (red arrow), large
steady state errors occurred for trajectories P2, P5 and P8 as a full π/2
rotation of the elbow joint was required but not attained due to insufficient
pressure from the pneumatic board. In addition, imprecise IMU readings
may also have affected the controller input and thus the final position.

the IMUs), relative motion of the elbow actuator on the
forearm and no fixture in one of its ends (and therefore
allowing only active pushing and not pulling) were some of
the contributing factors for the observed disparity. Although
undesirable, these will inform future iterations of the elbow
actuator to better address the desired range of motion, and
also improve aspects such as actuator weight and mobility.

V. CONCLUSION

This work presented IMU-feedback-based closed-loop PD
position control of a hybrid soft wearable device for in-

fants, consisting of two pneumatic actuators assisting the
motion of two DOF, at the shoulder and elbow joints.
The controlled actuators were manufactured using different
methods and materials, to allow for a better usability while
also minimizing potential motion constraints on reaching
movements. Device kinematics analysis along with anthropo-
metric data from infant reaching informed the development
of a trajectory generation method for the wearable to track
smooth, dynamically-feasible trajectories. A PD controller
was developed to regulate the amount of pressure inside the
actuators for the wearable’s end-effector to track the desired
trajectories. Experimental results validated the proposed PD
controller for most types of trajectories, but factors such as
insufficient pressure from the actuators in achieving the final
desired position were observed.

Future work will build on top of the trajectory genera-
tion method and closed-loop controller developed herein by
integrating force sensing to develop an impedance control
method. Additional sensing methods (such as flex sensors)
can be combined with current sensors to investigate alterna-
tive control methods. Addition of an actuator to the wrist,
use of actuators on both arms, and extension of the shoulder
joint to a full 3-DOF motion will also be investigated.
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