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Abstract—We present a wearable “exo-shell” device in-
spired by the human spine for improving the gait of
elderly people during obstacle avoidance tasks. This
device—designed and fabricated with origami-inspired
techniques—features a serial chain of lockable joints that
can be stiffened using a braking system inspired by lam-
inar jamming concepts. Current related work has identi-
fied that the trunk plays a crucial role in obstacle avoid-
ance tasks. In this article, we thus propose an affordable
wearable system that can be quickly fabricated and whose
design can be adjusted to fit the individual wearer. The
design leverages switchable, passive systems, in combi-
nation with lightweight materials that remain as “transpar-
ent” to the user as possible when inactive. This article
focuses on translating human requirements into a tangible
design that addresses the current state of our biomechan-
ics knowledge. We describe the kinematics and forces of
our proposed device, describe the performance of our sys-
tem in a locked and unlocked state, discuss the integration
of various sensors into our device, and characterize the
performance of the device when locked and unlocked.

Index Terms—Parallel robots, robotics and automation,
robot kinematics, wearable robots.

I. INTRODUCTION

I
N THIS article, we propose a new class of wearable robotic

devices called “exo-shells”—origami-inspired, multilink
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robots with the ability to sense their state and stiffen selected

regions on demand to guide, support, and nudge the wearer

during daily living activities. Starting with a trunk support robot

as a case study, the goal of our current system is to provide

supportive forces for maintaining proper posture when avoiding

obstacles during walking, with the intent to reduce the chance

of slips, trips, and falls. The purpose of this article, therefore,

is to outline the design and strategy for stiffening, sensing, and

understanding its current performance across a wide range of

physical considerations. The key contributions of this article

may be summarized as follows:

1) we introduce an origami-inspired design approach to

rapidly manufacture and customize wearable robots;

2) we implement this methodology to create a new serial

robot with low resistance and switchable stiffness; and

3) we introduce and validate the kinematic models for un-

derstanding the dimensional requirements for stiffening

the robot against external loads using brakes.

The rest of the article is organized as follows: In Section II,

we conduct a literature review surveying the state of the art in

various wearable robotic technologies. We then introduce our

design rationale and describe our approach in the design of each

subsystem, along with the kinematic model of the device in Sec-

tion III. Section IV then describes the experimental validation of

our subsystems, kinematics, and system. This article concludes

in Section V with some insights on the future of this research

along with our thoughts on the impact of this design.

II. LITERATURE REVIEW

A variety of rigid exoskeletons have been developed for im-

proving mobility over the decades [1], [2], [3], [4], [5], [6]. High

forces and torques provided by those rigid exoskeletons assist

the ankle, hip and/or knee, facilitating activities such as walking

or lifting heavy objects. However, due to the complexity of the

human musculoskeletal system, adjusting and aligning human

and robot joints has proven difficult, increasing the metabolic

cost of the wearer and the external energy expenditure of the at-

tached system. Heavy, high-torque, and often nonbackdriveable

systems can also be a safety risk for the wearer when the control

system fails or misalignments occur [7], [8].

More recent innovations in soft robotic techniques [9], [10],

[11], [12] have resulted in “exo-suit” style technology in which

tendons routed through Bowden cables provide pulling forces
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across joints. While this has addressed many of the issues

stemming from traditional exoskeleton designs, it has also

resulted in increased forces across human joints, which can

lead, over time, to damaging the user’s joints through increased

wear [13]. Furthermore, wearable robotic orthoses often fail to

break even on metabolic cost, although there have been some

notable recent exceptions [9], [14], [15]. One common nuance

of a number of exoskeletons/suits is that they are often designed

and tuned for one purpose, such as lifting, walking, running, or

carrying loads. Fewer wearable devices provide the versatility

required to be worn as a multipurpose device throughout the

day, again with notable exceptions [16], [17], [18].

Many of the above wearable robotic systems employ active

sensing and feedback control techniques to quickly respond to

the wearer’s motion and provide powered assistance both to

assist the user as well as to offset the extra weight of the system

itself. In many cases, however, the small control delays imposed

by digital control techniques also add small but perceptible loads

to the wearer that can over time lead to accelerated fatigue and

reduced efficacy [19].

Thus, a middle ground between soft and rigid solutions is still

desired, in which wearable systems provide alternate loading

pathways across joints, where a variety of capabilities can be

enabled or disabled on-demand based on the user’s activity, and

in which the tradeoff between wearability and utility is made not

through the use of active, timed, energy addition via powered

joints, but by minimizing the weight of rigid systems, and by

powering the system to change its state.

Loaded mass or load carriage-induced metabolic costs have

been well studied in elderly people during walking [20], [21],

[22]. To create such “transparency” while preventing motion

when engaged, one design approach is to reduce the overall

weight of the device. Utilizing structural element only in a

compliant mechanism [23] can be alternative method to meet

this weight requirement. We then adapt concepts from soft

robotics [24] and choose origami-inspired, laminate fabrication

techniques as the fundamental technology for creating light-

weight, high stiffness, and rapidly manufacturable wearable

mechanisms. Having been applied to a variety of robotic ap-

plications [25], [26], [27], origami robots have also been shown

to be capable of providing high structural stiffness [28], [29].

Furthermore, the incorporation of sensors into origami structures

has proven itself to be a promising method for sensorizing

modular origami segments [30], [31].

A variety of methods may be used to stiffen or lock origami

mechanisms, including shape memory polymers (SMP) [32],

bistable patterns [33], [34], [35], electrostatic jamming [36],

and laminar jamming [37], [38]. Layer jamming in particular

has proven itself compact and light weight while providing high

locking forces [39], [40], [41], [42], [43], [44]. This technique

typically employs a negative pressure gradient over soft mem-

branes, either within a bag or distributed across a planar surface,

to bring layered sliding materials into close contact. As the

pressure grows, the friction between layers increases to slow

and stop relative motion between layers. Pneumatic-based jam-

ming, however, necessitates high-pressure negative differential

pressures, which must be supplied by a vacuum pump. This

is less ideal for compact, portable designs that must be worn,

TABLE I
COMPARISON OF TRUNK SUPPORT ROBOT FEATURES

because the size and weight of these pumps can be exceedingly

large in order to achieve the required pressures through narrow

tubing in a short amount of time. Mechanical clamping [41],

[45], [46] can address some of those issues, permitting small,

nonbackdriveable motors to generate high normal forces; we

have thus selected this approach in our current prototype.

III. MATERIALS AND METHODS

A. Design Rationale

Requirement: Based on preliminary human motion data [51],

we have determined that interventions along the sagittal plane at

the wearer’s trunk (waist) pose the best opportunity for reducing

reaction torques in elderly users by providing external stiffness

along the trunk. A detailed description of the experiments and

validation can be seen in the Supplemental Material, Section

SM-1 with features of existing trunk support robots [47], [48],

[49], [50] compared and summarized in Table I. While less

considering the metabolic cost induced by the weight of the

robot, providing stiffness or locking force on demand and

minimize frictions when unlocked are common features. To

increase the mobility, these designs tend to create lightweight

structures or propose integrating powering unit as future works.

We then identify the requirements for a trunk support robot as

the following:

1) lightweight;

2) low power consumption except when changing states; and

3) transparency when disengaged.

Past literature has established that metabolic cost increases

with increased load [20], [21], and that the user will have more

difficulty maintaining their center of mass. However, under

certain load carriage cases, increased metabolic cost does not

increase fatigue or reduce performance significantly. According

to Grabowski et al. [22], for elderly human subjects (70 kg),

payloads less than 3% (2.1 kg) of the human body do not

significantly impact the wearer [52], [53]. Therefore, one de-

sign criterion is to keep our system weight below this value.

Additionally the distribution of the load at the posterior of the

trunk helps minimize metabolic cost by keeping system loads

closer to the user’s center of mass [21].

For the purposes of our design, our envisioned device is thus

attached around the waist and just below the shoulder blades (as

seen in Fig. 1) and stiffens on demand along the sagittal plane. To

create the effect of a continuum system using origami-inspired

approaches, we highlight four essential subcomponents of our

design.

Components: The following subcomponents are required for

our system:

1) rotational elements;
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Fig. 1. Components of the robot. From (a) to (d), we show the four-
bar linkage, triangle element, brake and mounting belts, respectively.
Subfigures (e) and (f) illustrate the configuration change as a function of
posture, where (e) stands for standing straight and (f) shows bending the
trunk. We highlight the extraction of the four-bar linkage in (g) and (h).
Upon bending, the distal four-bar linkage extends to maximum length
to accommodate the human. In this set of figures, we show the robot
without break to highlight the structural elements.

2) translational elements;

3) a locking mechanism; and

4) mounting components.

Because the base of the robot is mounted at the wearer’s

waist and beneath the shoulder blades, our system will need

to both rotate and lengthen in order to conform to and support

the wearer’s back during trunk flexion.

Thus, both rotational and translational degrees of freedom

(DOF) are required to fully adapt to the wearer’s motion. We

propose two basic elements as the building blocks for our device.

We use a laminate fabrication method to construct triangular

links that serve as the serial “rotational” elements. Triangles have

been selected for these one-DOF rotational elements because,

as fundamental elements of trusses, they form stiff, light weight

structures. The outer faces of the triangles serve as simple joint

limits to restrict motion to a specific range, as well as the

attachment point for our locking system; the range of motion

may be adjusted by modifying the triangle’s dimensions and

proximal connection point. This adjustability serves as a useful

way to adapt to individual users while achieving high stiffness

using thin materials.

We have also selected a locking four-bar linkage as a sec-

ondary, more-complex component because it is capable of both

rotation and translation in two degrees of freedom. This com-

ponent is essential, as mentioned before, for permitting the

serial chain to lengthen along the back during flexion. Fig. 5(a).

highlights the motion and locking configurations under different

external loading conditions.

A number of possible locking solutions have been reviewed

for our system; we have selected a mechanical-based jamming

brake to lock the system on demand. Brakes, in contrast with

actuated joints, are light weight, respond quickly, and are com-

patible with tendons attached to multiple moving parts to permit

global locking. Mounting components can be selected from a

variety of commercially available hip harnesses, shoulder straps

for the upper body, or other custom solutions.

B. Manufacturing and Device Customization

Following a laminate fabrication approach, as described

in [54], [55], and [56], the mechanism is designed using 3-

D computer-aided design (CAD) software. Each layer of the

Fig. 2. Manufacturing of the origami-inspired system. (a) Assembled
device. (b) Four-bar segment. (c) Aligned triangle segment with contact
pads aligned to the previous segment. (d) Different material layers are
stacked and aligned prior to lamination. The layer number and name
can be seen on the rigid side. (e) and (f) A closer view of the conductors
and sensors, showing how the contact pad is folded twice to expose
the copper side to the next segment. (g) Top and bottom views of the
laminated triangle segment, divided by the dashed line and flipped to
see the bottom.

laminate is generated, exported, and cut with a laser using a

custom Python script.1 The layers of the element are illustrated

in Fig. 2(g). They consist of a sandwich of two, thick, rigid

outer layers of material,2 followed by inner layers of adhesive, a

flexible middle layer that serves as a living hinge,3 and a flexible

circuit layer4 for mounting and connecting embedded sensors to

power and communication. The rigid, adhesive, and hinge layers

are cut with an Epilog Fusion M2 75 W CO2 laser cutter; the

flex-circuit layer is manufactured using a masking and chemical

etching process. Four copper traces on the flex circuit layer

permit communication using the I2C protocol to each sensor.

All the layers are then aligned using locating pins and bonded

using a heat press. After the circuit layer is laminated to the other

layers, the full laminate is then cut away from remaining scrap

with a final release cut.

After the segments are folded into their final configuration

they are serially connected to the next element, as shown in

Fig. 2(e). Once the positions of the circuit layer components are

confirmed, the I2C bus can then be connected. The conductors

from a proximal segment are aligned and connected to the next

distal segment so that sensors integrated directly onto the flex

circuit can communicate back to the microcontroller located in

the base. More details on sensing, integration, and evaluation

can be found in Sections SM-2 and SM-3.

For this version of the trunk support device, we have selected

three triangle elements and one four-bar linkage in the con-

struction of our serial chain, as shown in Fig. 2(a). Details on

1[Online]. Available: https://github.com/iicfcii/laminate-pipeline
2Crescent Select Alpha-Cellulose Matboard
3Grafix Dura-Lar 5 mil
4DuPont Pyralux AP Copper-Clad Laminate ap7163e
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Fig. 3. Design and integration of the brake. In (a), we demonstrate
how buckling might happen. (b) is a 2-D sketch of the spine where
the tension mechanism and clips are integrated to the base station
to prevent buckling. We label the different components with various
color and line types. In (c), we show how the required length for the
layers changes as a function of configuration. Legend (d) represents the
components and accessories of this system.

dimensioning can be found in Section IV-B. Successive triangles

are connected as shown in Fig. 2(a) and (e); the proximal joint of

each link is located at a point along the triangle’s base. The distal

joint of each link is located at the top vertex of the triangle; the

next most distal triangle’s origin (also located along its base)

is thus connected to this point. The four-bar linkage is then

connected to the top vertex of the most distal triangular link

to compensate for any lengthening during trunk flexion. The

selected laminate manufacturing technique allows for rapid and

low-cost customization for users with different trunk lengths;

a detailed cost analysis as well as manufacturing breakdown is

highlighted in Section SM-5.

C. Brake Design

The mechanical design of the brake consists of three main

parts:

1) flexible, sliding sheet-based belts attached to each moving

segment of the wearable system,

2) a motorized clamp for applying normal forces to the belts,

and

3) a tension mechanism that maintains tension in each belt

to minimize backlash, as seen in Fig. 3(b).

In the triangular segments, one belt is attached to each side

of the two lower vertices of the triangular segment, as shown

in Fig. 3(b). The lower portion of these belts is clamped to the

base of the device via two motorized, self-aligning brake pads

in the base station. These clamps are actuated via lead screws to

stepper motors, which are controlled by an Arduino UNO using

a TB6600 stepper motor driver. When activated, the motors drive

the lead screws to clamp the belts on each side of the base station,

locking all the degrees of freedom together.

The length of the belt traveling around the base station and

attaching to each segment is a function of system configuration,

as seen in Fig. 3(c). For example, the total length of the layers

Fig. 4. Kinematic model. In (a), we show the simplified kinematic
model of the jth four-bar element mounted on j-1th triangle, we also
illustrate how belts are routed on the four-bar element and kinematics
constraints in (c). Although the four-bar is a closed chain mechanism,
we show these two RR chains split into chains NCD and NAB, con-

strained by �̇z (red line). We show how an example of how we relate a
triangle at random location to the end-effector as shown in (b). Although
we only have three triangles in our current design, we demonstrate how
our method can be applied to one at a random location and orientation.

on the side L1 + L2 varies as
√

W 2/4 + L2 −WL cos(θn) +√

W 2/4 + L2 −WL cos(π − γ − θn)with a decrease of about

3.39% in length at its limit compared to θn = 0◦. Excess slack

in those configurations causes backlash in the system, which

can lead to unintended shocks, misalignments, and unintended

stresses in the belt, and can ultimately lead to premature damage

of the system, as shown in Fig. 3(a). To prevent buckling and

keep the layers flat within the clamping area, we have added

1) a tension mechanism that utilizes a spring-loaded pulley to

maintain tension at the bottom of the belt and 2) 3-D printed

clips with clearance to allow layers to slide while maintaining

a position constraint at each segment’s vertices, as shown in

Fig. 3(b).

Two belts are attached in a similar way to the two-DOF

four-bar segment at each end, in order to fully lock the segment

when needed. Fig. 4(c) highlights the internal routing within

the segment, while Fig. 3 shows the external routing. The belt

attached to point A passes down to the base along each triangular

segment, around a spring-loaded pulley/tensioner, back up the

other side, around a pulley on point C, and attaches back to point

A. The green belt is routed in a similar fashion, but is attached

to point C. The kinematics of this routing are detailed in the

following section, Section III-D.

According to previous literature, an empirical law for cal-

culating resistive force FB for one jamming layer that slides

between the brake pads can be calculated as follows [44]:

FB = µSNP (1)

where µ is the friction coefficient between layers, S is the area

of jamming, N stands for the total jammed layer number, and

P represents the negative pressure on the jammed materials. A
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detailed brake force evaluation can be found in the supplemental

material, Section SM-4.

D. System Kinematics

We have developed two parametric models for understanding

the kinematics of our locking serial mechanism. As mentioned in

Section III-C, one global brake is responsible to lock all DOFs;

the force required to lock is thus a function of brake dimen-

sions and system kinematics. To understand the dimensional

requirements at different configurations, a full kinematic model

is required to calculate the required brake force. Two kinematic

models represent the two basic segments of our system, as shown

in Fig. 2: triangular, single DOF segments, and a four-bar parallel

mechanism that can both translate and rotate, located at the most

distal segment. Together, these two models can help us under-

stand how belts, routed through the system, can be expected

to perform when held by the brake located in the base. This

can be used for a number of purposes, including verifying the

performance of our current system and estimating the kinds of

performance-focused redesigns required to ensure that locking

forces on all joints can support similar loading conditions by

the wearer. Fig. 4 highlights the details of our belt routing and

system kinematic variables; our process for solving for the belt

forces is summarized below.

We first specify a system configuration, defining the joint

orientations and thus the location of the end-effector. The dimen-

sions of each link, and the belt routing determines the direction

of all belt tensions, which can then be solved for based on an

assumption of external loading conditions. Because belts span

joints with varying geometry, it is readily apparent that the

effective moment arm of the belt depends on the state of the joint.

A set of forces is then assigned to the end effector; these forces

can be supplied either as a set of numerical or symbolic values,

and can be derived from biomechanical loading assumptions

based on different use-cases.

We proceed to analyze one link at a time, assuming that the

selected segment is slipping, while all other joints remain fixed.

This permits us to analyze the brake slip limits at each joint

independently. Based on the direction of forces supplied at the

end effector, only one of the two belts routed to each triangular

segment will be in tension. We solve for the tensile force in

each one degree-of-freedom joint required to maintain static

equilibrium against external end-effector forces by formulating

the problem as a constrained minimization problem, where the

combination of forces must be minimized while keeping belt

tensions positive.

For the final four-bar linkage, there are a total of four links

and four belts, but only two total degrees of freedom, with only

two belts ever in tension at a time, as shown in Fig. 5. Based on

the fact that the four-bar linkage is a parallel mechanism, we can

solve for the independent motion variables first, to generate the

Jacobians mapping internal and external forces to each other,

and then use those Jacobians to solve for the two out of four

belt tensions that are holding the system in static equilibrium

in that specific state. We again use a constrained minimization

formulation to solve for belt tensions.

Given all the belt tensions solved for in the serial link kine-

matics, we then evaluate which of those tensions is the highest,

Fig. 5. Locking illustration: In (a), we show the four-bar segment
exhibits both translational and rotational DOFs, as seen in the three
displayed configurations. In the following set of figures, we color-code
four tendons to show the activated belts under various loading condi-
tions. Solid lines indicate the tendons in tension; the arrows denote the
direction of tendon forces. The dashed lines indicate slack tendons. Fd

indicates the external loading direction. (b)–(e) illustrate four Cartesian
loading conditions: downward, upward, right, and left, respectively.

and what the required braking force (normal to the belts) will

be, using an experimentally determined coefficient of friction.

To symbolically solve the belt forces and the kinematics of

each segments as well as the full-body kinematics, we model

the structure in Pynamics5 [57], [58], a custom Python library

using Kane’s method to derive symbolic equations of motion.

A master Python script reads the system’s configuration and

generates the state variables for each segments. We solve the

required locking force for each triangle after calculating the

four-bar locking forces using two subscripts, respectively. The

corresponding scripts can be found in the repository.6

To understand the required forces for the segments, we first

calculate the force required to lock the most distal segment under

external loading, as a case study of understanding the full-body

static force balances. This four-bar linkage consists of a set of

independent joints (qi = [q1, q3]) and dependent joints (qd =
[q2, q4]), as shown in Fig. 4(a) and (c), such that

q =

[
qi
qd

]

=
[
q1 q3 | q2 q4

]T
. (2)

The planar four-bar linkage can be thought of as two serial

RR chains connected at their respective ends via a pin joint.

The motion of �pB and �pD, or the position of the two distal

points on each serial chain are thus constrained together with the

equation �z = �pB − �pD = �0. The time derivative of this vector

equation with respect to the Newtonian reference frame permits

us to linearize this equation with respect to the system’s velocity

variables q̇i and q̇d, respectively

�̇z = �̇pB − �̇pD = �0 (3)

5[Online]. Available: https://github.com/idealabasu/code_pynamics
6[Online]. Available: https://github.com/dlisys/code_TMech_pynamics_

demo
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ż = �̇z ·
[
x̂ ŷ

]T
. (4)

Using the relation

MA =

[
∂ż

∂q̇i

]

,MB =

[
∂ż

∂q̇d

]

(5)

we can then split z into independent and dependent parts ż =
MAq̇i +MB q̇d = 0 and solve for q̇d

q̇d = [−M−1
B MA]

︸ ︷︷ ︸

C

q̇i. (6)

The Cartesian velocity of the end-effector can be ex-

pressed by the well-known equation ẋ = Jq̇i, where ẋ =
[�̇pB · x̂ �̇pD · ŷ ω]T . J is derived by expressing

ẋ = Jiq̇i + Jdq̇d (7)

where Ji = [ ∂ẋ
∂q̇i

] and Jd = [ ∂ẋ
∂q̇d

]. By substituting in (6) and

collecting terms

ẋ = (Jiq̇i + JdCq̇i)

= (Ji + JdC)
︸ ︷︷ ︸

J

q̇i. (8)

The flat belts used for locking the four-bar segment are routed

as illustrated in Fig. 4(c), where belt l1 is connected to point pA
and then routed along the proximal triangle elements through

point TR
j−1, continuing to the base where it is connected to belt

l3. Belt l2 is attached at point pCD and routed around a virtual

pulley colocated at pAB and finally routed down along right

side of each triangle down to the base, connecting at the bottom

to belt l4. On the left side, l3 and l4 are routed along the left

side of the system in the same way, connecting to l1 and l2,

respectively. When clamped, however, the two sides of each

belt must be considered independent, and their forces analyzed

separately. The velocity l̇ of these four belts can be expressed as

l̇ = [l̇1 l̇2 l̇3 l̇4]
T = Jtq̇i (9)

where

Jt =

[

∂l̇

∂q̇i

]

. (10)

We can thus equate the torques on our independent degrees of

freedom qi from the belts to the equal and opposite torque from

the end-effector to the same joints. The required end-effector

force f = [fx fy τz]
T can be then calculated according to the

tension in the belts ft = [f1 f2 f3 f4]
T using the principle of

virtual work to obtain

τind = JT f = JT
t ft

JT f − Jtft = 0. (11)

Since the Jt is a 4 × 2 matrix, it is clear that the four forces

from the brakes act redundantly on the system. Because, how-

ever, they can only act in tension, a valid solution for obtaining

static equilibrium must ignore cases when tension in the belts is

negative. To solve this problem we formulate it as a constrained

minimization problem, minimizing the sum of the square of the

belt tensions at a given external tip force, while in a specific

configuration as

min − fT
t(i)ft(i) (12)

subject to

g(ft) : J
T f − Jtft = 0 (13)

h(ft) : ft ≥ 0. (14)

We calculate fmin(q) at different configurations of the four-

bar as a function of q. The resulting minimum force solution can

be then used to determine the locking force requirements for the

four bar on the top.

We also model the force interactions of the ith triangular

segment at an arbitrary location as shown in Fig. 4(b). The

distal hinge of this triangle is connected to the base of the distal

four-bar segment. The belts on the triangle are connected to the

corresponding vertices of the successive triangle and shown in

Fig. 4(b) as l5, l6. As the triangles are connected to the successive

element on its top vertices and the motion of four-bar element

will not affect the triangles, we simplify the kinematics to serial

linkages.

For example, to solve for equilibrium in the kth triangle, we

create a virtual link La connected to the bottom of this triangle,

rotated around the origin. The remainder of this system can be

then simplified to a virtual link Lb rotated along the first link.

The length and angular velocities (La, Lb, qa) of the system can

then be calculated according to the configuration of the device.

The Cartesian velocity of the end-effector (ẋ = �̇pB · [x̂ ŷ]T )

can be expressed as

ẋ = Jq̇i (15)

where J = [ ∂ẋ
∂q̇i

]. The velocities l̇t of the layers mounted on the

triangles can be expressed as

l̇t =
[

l̇5, l̇6

]T

= Jiqi (16)

Jt =

[

∂l̇t
∂q̇i

]

. (17)

The triangle belt velocities can be then related to the in-

dependent end-effector velocities. The minimal layer forces

ft = [f5, f6]
T under external load, f can be calculated using

a similar approach described in (11) to (14) and formulated as

min − (f 2
5 + f 2

6 ) (18)

subject to

g(ft) : J
T f − Jtft = 0 (19)

h(ft) : ft ≥ 0. (20)

We obtain the minimal layer force for the triangles. By modi-

fying the orientation of the triangle and the corresponding belts,

we then are able to solve each triangles at an arbitrary location.

IV. RESULTS AND ANALYSIS

A. Kinematic Model Verification

We perform a series of tests measuring the external load

required to deform the linkage while changing the configuration

and locking forces to verify the static force model presented in
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Fig. 6. Four-bar element locking test. In (a), we show the overview
of the experiments and label each piece of equipment. The spring is
mounted within the white case between the F/T sensor and the base.
The alignment jig (in pink) is installed under the four-bar segment. We
highlight how forces are applied to the distal link in (b) and label how we
define the joint angles, inner angle and orientation, consistent with q1,
qAC , and qa in Fig. 4.

Section III-D. We use a UR5 robot arm with a spring and a load

cell attached at its end effector to adjust the locking pressure,

as shown in Fig. 6(a). According to Hooke’s law, compressing

the spring installed inside the white case between the brake pad

and the base station increases the locking force. We record the

z-axis force of the load cell and control the robot’s displacement

simultaneously using a python script. The robot arm stops once

the force threshold is reached in order to maintain constant

clamping pressure.

In this set of tests, the length of each link in this four-bar is

30 mm. After adjusting the four-bar mechanism’s joint angles

and orientation, we lock the four-bar using the test setup by

compressing the locking pad to constrain the motion of the belts.

For the purposes of validating the kinematics and to ensure that

the stiffness of the flexure joints do not add noticeable stiffness to

the system, we have selected a thinner flexible material7 for the

hinge layer of the laminated origami structure. To measure the

external loads applied to the tip, we use a Mark-10 M4-10 force

gauge to push distal link of the four bar normal to the surface

until the layer slips at each configuration, where the distance to

the tip of the four-bar, Ld is 30 mm. During the test, we record

the maximum force required to initiate slip in the belts and then

from that value calculate the equivalent holding torque. In each

combination of joint angle and orientation, we repeat the test

ten times to obtain the average external torque to deform the

mechanism, T̄d
f

as T̄d
f
= F̄d

f
Ld.

We have tested the device under a series of sym-

metric configurations about the four joint angles, q1 =
[30◦, 45◦, 60◦, 75◦]T and four values for the inner joint angle

qAC = [30◦, 60◦, 90◦, 120◦]T , as shown in Fig. 7(a). We use a

laser-cut alignment jig to align the links according to each con-

figuration. As the tip torque is manually measured and applied,

using smaller clamping forces improves the accuracy of our

results by reducing the deformation that would be present in the

system under higher loads. We thus apply 2 N of force along the

force/torque sensor’s z-axis to clamp the belts in this experiment.

We then changed the orientation qa of the segment to create

70.002 mil Dura-Lar Plastic Film

Fig. 7. Kinematic model validation. In (a), we show the maximum
simulated holding torque of the four-bar using the continuous contour
plot. Experimental values, located at each grid element under the black
dots show the simulated torque, measured average torque from exper-
iments, and RMSE between these two values, respectively. The size of
the black dot indicates the RMSE. We plot the current configuration of
the four bar with base and belt at each combination of orientation and
inner joint angle. As the experiments for (30◦, 120◦) and (−30◦, 120◦) are
not performed, we show the configuration and simulated value only. In
(b), we show how the four-bar holding torque changes according to the
orientation of the linkage. The blue solid line indicates the experimental
values and the blue region beneath it shows the range of experimental
values measured from the tests, while the red solid line shows the model
estimate.

asymmetric scenarios and validate our kinematics across a larger

workspace. In this set of experiments, the orientation, qa was set

to [−30◦,−15◦, 0◦, 15◦, 30◦]T of the inner angle we measured

before. When the inner angle is 120◦ and the orientation is set to

−30◦ or 30◦, the lower link of the four bar mechanism interferes

with the base. We thus skip this two sets of experiments. A total

of 18 (4 × 5-2) of subtests were thus performed in Fig. 7.

The average measured friction force fr measured using the

test setup is 1.56 N. We then use the following Jacobian matrix,

Jt in its numerical form obtained from the Pynamics code gen-

erated using the method described in Section III-D to relate the

belt forces, [f1, f2, f3, f4]
T to the independent torque, [T1, T2]

T

of the four-bar.

[

c1 c2 c3 c4

c5 c6 c7 c8

]

︸ ︷︷ ︸

Jt

⎡

⎢
⎢
⎢
⎣

f1

f2

f3

f4

⎤

⎥
⎥
⎥
⎦
=

[

T1

T2

]

. (21)
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Fig. 8. In this figure, we present the test setup for validating triangle
element kinematics and show the result. In (a), we replace the four-bar
linkage with the triangle segments, base and the angle measurement.
The test is performed in a similar manner as described for validating the
four bar. In (b), we compare the estimate for the maximum torque the tri-
angle can hold across different configurations against the experimental
data, where the solid line is the mean experimental value, the dashed
lines indicate the model estimate, and blue region shows the range of
experimental values collected at each point.

During the test, the external torque is applied to link �pDB and

the left side link, the right side of the four-bar and the belts are

thus in a slack state, meaning no belt force is applied. We thus

simplify (21) to
[

c2 c3

c6 c7

][

f2

f3

]

=

[

T1

T2

]

. (22)

The tip torque τtip can be calculated as τtip = T1 + T2. We use

the following optimization routine to calculate the maximum

external torque the four-bar linkage can hold:

min : − (T1 + T2)
2

− (c2f2 + c3f3 + c5f2 + c6f3)
2 (23)

subject to

h(f2, f3) :

[

0

0

]

≤

[

f2

f3

]

≤

[

fr
fr

]

. (24)

We then obtain the maximum holding torque the four-bar is

able to provide and compare with the T̄d values experimentally

measured, as shown in Fig. 7(a).

Although these mechanisms are implemented in the full

prototype, some configurations including the belt routing and

base location are different. We thus developed two separate

simulations to mirror the experimental setups. These may be

found in the code repository, where a detailed description of the

approach can be found.

Using a similar approach, we also validated the kinemat-

ics of the triangle element, where the length of the sides is

85 mm. We use the same test setup previously introduced

in this section, but replace the base to fit the new triangular

element, as seen in Fig. 8(a). We use the force gauge to push

the tip of the upper triangle element, T2 across joint angle,

qb = [−30◦,−15◦, 0◦, 15◦, 30◦] and average the reading to ob-

tain the torque required to deform the triangle as T̄ t
d seen in

Fig. 8(b).

Fig. 9. System dimension and loading capability experiments. In (a),
we show a sketch of the robot with labeled dimensions. (b) illustrates
the test setup. In (c), we show the filtered load cell force versus distance
using the solid lines. The light colored lines indicate the unfiltered raw
data. We notice the deviation between 40 mm data’ slope and we
attribute this to the complex kinematics and initial states of the device.

TABLE II
ROBOT PARAMETER

In Fig. 8(b), the blue line indicates the condition where the

left belt is locked and an external torque is applied clockwise,

illustrated along the top of Fig. 8(b). The blue transparent area

indicates experimental error between runs, while the blue solid

line indicates the mean of experimental data; the dashed blue

line represents model results. As pushing along the right side

yields a mirrored result, we mirror the model results, presented

as a red dashed line.

As mentioned in Fig. 4(b), the belt routed between links forms

a triangle; this means that the moment arm of each belt is a

function of the each joint’s configuration. This influences the

locking forces available at each joint, requiring us to calculate

the braking force required as a function of system configuration.

To help dimension of the device, we must analyze the worst-case

scenario.

B. Dimension Selection and Full System Kinematics

We select the following dimensions for the mechanism, as

illustrated in Fig. 9 and listed in Table II. We use two NEMA

17 stepper motors (42 mm × 42 mm × 34 mm) inside the base;

the width of both the triangle and base are 85 mm. In the current

design, we use three equilateral triangles (73 mm height) and one

four-bar linkage with a joint length of 40 mm on the top. Using

the kinematic models developed in Section III-D and the torque

requirements from the human study [59], we have determined

the braking forces required for locking the robot are at least

60 N when the device is straight. Using (1), with a static friction

coefficient of 0.017 (measured in Section SM-4), we calculate

that the minimum required area for the brake pad is 5200 mm2.

Considering the screw hole in the middle of the brake pad

Authorized licensed use limited to: ASU Library. Downloaded on July 14,2023 at 00:55:16 UTC from IEEE Xplore.  Restrictions apply. 



1474 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 28, NO. 3, JUNE 2023

Fig. 10. System-level locking test. We compare the load cell force
with and without locking (0.5 A current) using red and blue solid lines
correspondingly, where the transparent error bar indicates the raw data.
We activate the brake at around 28 mm, where we draw a black vertical
line to indicate the locking.

(r = 5.25 mm), the length of the brake (Lb) is set as 5200/(80 −
5.25 × 2) = 74.8; we thus use a 75 mm long brake pad.

The kinematic analysis also confirms that the four-bar linkage

is the weakest joint in this system. We attribute that to the fact

that the total effective width of the belts connected to the four-bar

segment is half of those connected to the triangular segments,

in order to accommodate the routing of four separate belts into

the 2-DOF segment.

To test the system-level stiffness, we fully assemble the spine

device, mount the device to the test bed horizontally, and attach

the brake system as shown in Fig. 9(a). During the test, a Python

script locks the belts when the device is straight and commands

the UR5 to push the end-effector with a metal probe. The robot

arm then returns to its original position after it pushes the probe

forward a set distance. We then compare the z-axis direction

load cell force for four distances, 10, 30, 50, and 70 mm to

understand the stiffness of the system. We then start to push

the robot in locking state using the force gauge to understand

the slippage limit using a similar setup in Fig. 6. We repeat the

test for ten times and the average force required to deform the

robot is 56.5 N. We attribute this deviation to the design goal

(60 N) to the assembling and misalignment error of the system.

In these test we found that the first joint to slip was the four-bar,

confirming the kinematic model’s braking force estimates.

C. System-Level Lock and Unlock

In this section, we use the same test setup in Fig. 9(a) and

start pushing the device in the unlocked state using low motor

current to measure the locking speed of the robot to prevent

damage to the load cell. As the robot is a passive device that

can be stiffened on demand, locking speed became the most

important—and only—metric for system response. After the

tip of the UR5 passes the straight, vertical configuration of the

device, the device is locked as the UR5 continues moving. We

use the force from the load cell to differentiate between locked

and unlocked states. Before the test starts, the probe does not

contact the device for calibration purposes; when the probe

begins to contact the spine mechanism, a small -z direction

force can be seen (starting around t = 5 s)—due to system

joint stiffness and belt friction—in Fig. 10. The load cell force

increases after the lock activates (as shown in the red solid line).

We compare the load cell reading against the unlocked system

(in blue) and estimate that the brake’s locking time is around

0.1 s, which is a sufficient response time for supporting the trunk,

according to preliminary human subject studies.

V. CONCLUSION AND FUTURE WORK

We have presented a origami-inspired mechanism with em-

bedded sensing capabilities as well as extensibility for connect-

ing external sensors. We mechanically clamp the sliding layers

to design a laminar jamming inspired brake. We estimate the

joint angle and end pose using the integrated sensor and reveal

its potential in wearable robotics.

We believe that origami inspired “exo-shell” structures can

bridge the gap between rigid exoskeletons and soft exo-suits

in a way that balances the compromises of both. Introducing

origami-inspired techniques into wearable robotics permits us

to provide light weight, low cost, and rapidly manufacturable

solutions for each user. Our selected manufacturing technique

facilitates rapid iteration of designs while producing highly

capable wearable prototypes. Currently, this device is designed

on to be mounted on the human back to provide external support.

By modifying the arrangement and dimension of structural

elements, brakes, and supporting components, this development

strategy can be easily adapted for wearable applications about

other parts of the human body.

Future work includes optimizing the overall dimensions based

on a biomechanics study planned with our collaborators on

healthy elderly human subjects. Our aim will be to evaluate

the hypothesis that timed stiffening of the system can improve

the stability and reduce torques about the trunk during obstacle

avoidance. Currently, this device is mounted at the spine of the

subject. However, we find that the kinematics of larger arrays

of this specific tessellated pattern exhibits highly constrained

motion, making it less compatible with the types of motion

experienced around the human torso. We aim to address this by

investigating more complex, stiffenable, 2-D origami patterns

such as the waterbomb and herringbone patterns. Another im-

provement will be to modularize the braking system to eliminate

the base-mounted spring tensioner and reduce the system-level

design complexity. To reduce the number of sensors and estimate

the full body pose with more affordable embedded sensing

techniques, sensor fusion algorithms are also currently being

developed.
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