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Figure 1: We present the design of a bistable brace that (a) enables easy switching between immobilization, when the hands are
not actively used (e.g., running), and dexterity, when the hands are in active use (e.g., cutting vegetables). (b) Our customization
design pipeline generates 3D-printable models tailored to individual finger metrics, including finger strengths.
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Abstract
Orthoses are essential components of rehabilitation, yet limited
in functionality. Static braces immobilize joints, which, especially
for hand and finger injuries, interfere with users’ daily activities.
Additionally, early mobilization schedules require users to take off
and reapply their static orthoses frequently, which is cumbersome.

To facilitate both rehabilitation and dexterity, we introduce a
novel multifunctional yet unpowered finger orthosis design. Our
design supports easy switching between two distinct states: a stiff
state for immobilization and a flexible state for mobilization. A
key benefit is that it can be customized using our computational
design tool, and 3D printed in one piece. Our computational design
pipeline supports tailoring the switching thresholds of the brace
based on patients’ individual finger strengths and range of motion.
Following a preliminary study with 10 healthy people that validates
the usability and wearability of the brace, our two-week case study
with a patient indicates that our brace supports everyday activities
and assists with rehabilitation.

CCS Concepts
• Human-centered computing→ Human computer interac-
tion (HCI).

Keywords
Unpowered Orthosis, Compliant Mechanism, Bistable Structure,
Stiffness-tunable Materials
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1 INTRODUCTION
Customization is crucial for wearable devices to ensure comfort,
functionality, and user compliance. Digital fabrication excels in
enabling such customization. Through computational design, tai-
lored geometries can be generated and 3D printed to conform to
the unique bodies of users. Personalization is even more critical for
injured body parts, which are typically sensitive to movement and
restricted in strength and range of motion due to specific condi-
tions (e.g., injury, inflammation, dislocations). HCI researchers have
acknowledged this user group (i.e., patients) and applied their ex-
pertise to innovate rehabilitation devices. Examples include sensor-
integrated textile covers for prosthetic limbs [26], moldable rigid
orthoseswith embedded electronics [36] and sensing [50], or robotic
devices for finger compression therapy [22].
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Among all rehabilitation tasks, hand rehabilitation particularly
demands personalization because the hands are typically involved
in many daily activities, so even minor dexterity limitations can
significantly affect daily function and independence. Hand injuries
account for up to 20% of all emergency room visits and represent
the most frequent occupational injury treated in the U.S. [8]. Many
hand injuries affect finger joints and their tendons, for which or-
thoses (also known as splints, see Figure 2a) are often prescribed
to immobilize the joints during healing [12] and help restore or
maintain range of motion [7].

Maintaining a balance between immobilizing the hand and ac-
tively using the hand is key to recovery [12, 45], but it is hard to
integrate this routine seamlessly into users’ daily activities [20, 44].
For example, to use the finger for, e.g., 1 hour every 3 hours (ex-
act times depend on the individual cases), patients using a static
brace have to remove it many times a day and put it back on. This
cumbersome routine often frustrates patients [44] as patients strug-
gle to manage hand exercise while keeping the finger well pro-
tected [20, 44]. Some forget to put their braces back on [38], while
others over-immobilize out of caution or pain [44], which may re-
sult in poor therapeutic outcomes, such as long-term stiffness and
reduced range of motion [6]. A simple and pain-free solution is
needed that supports patients in adhering to their recommended
rehabilitation routine.

In this paper, we present a novel finger brace that eliminates
the drawbacks of intermittent use of a static brace by combining
immobilization and mobilization into one personalized brace, without
requiring external power. Our bistable brace, shown in Figure 2b,
allows patients to switch between a stiff state for immobilization
and a flexible state where they can freely flex their finger for mo-
bilization, without taking the brace off. This supports patients to
follow their rehabilitation regimen and perform daily activities (Fig-
ure 2c). To switch between these states, users simply intentionally
bend their finger. Switching from the stiff state to the flexible state,
users simply flex their fingers. To switch from the flexible back into
the stiff state, users extend their fingers.

Our brace is personalized to the patient (joint strength, exten-
sion angle, finger dimensions), which is enabled by our custom
computational design tool.

1.1 Working Principle
We designed our brace as a compliant bistable mechanism. In Fig-
ure 1, we show an example of a patient with an injury to the PIP
joint of the index finger, i.e., the middle joint of their finger. In the
stiff state, the user’s finger is held in a stable position, allowing
their joint to rest. Users may keep it in this state during activities
that don’t require dexterity, e.g., in social settings, while taking a
walk, etc. In the flexible state, users can combine their mobilization
schedule with dexterous daily tasks like chopping vegetables, doing
household chores, etc. The force needed to switch from stiff to flex-
ible is set below the user’s measured strength to ensure that they
are capable of switching the state intentionally without accidental
triggering.

When users want to switch from the flexible state back to the
stiff state, they extend their finger as far as they can. We measure
their maximum extension angle and set the angle at which the brace
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Figure 2: The rehabilitation routine of (a) using a static brace
that immobilizes the finger, which requires removing the
brace for active mobilization exercises; and (b) by naturally
switching between immobilization and mobilization with
our brace, by just bending the finger. (c) Dexterity is limited
when using a static brace, whereas our design supports active
finger use during daily tasks, such as grasping.

snaps to the stiff state just below that. As the brace snaps to the
stiff state, it creates a pulling force that pulls the user’s finger into a
straight position. Along with the user’s finger dimensions, we use
these three measured parameters, i.e., (1) user’s pushing down force,
(2) their maximum extension angle, and (3) their joint stiffness, as
input to our computational design tool. Our tool then optimizes the
single-piece 3D printable brace with appropriate forces for each
user’s needs.

1.2 Contributions
Our core contribution is a novel parametric, bistable finger brace
design that enables users to easily switch between performing
dexterous activities and rehabilitation. Specifically, we make the
following contributions:

(1) We present the monolithic geometry design of a multifunc-
tional yet unpowered orthosis.

(2) We characterize how key geometric parameters can be ad-
justed to match users’ finger strengths and extension angle
through a technical evaluation.

(3) We further introduce a computational design pipeline that
generates personalized brace models based on user-specific
parameters.

(4) We validate the dual functionality and usability of our brace
through a preliminary wearability study with 10 healthy
participants, demonstrating that our brace supports both
immobilization and dexterous tasks such as grasping and
writing.

(5) Following this, we conduct a case study with a patient over
a two-week period, to evaluate our brace’s impact on daily
living and rehabilitation journey.

Our work is situated within HCI fabrication research as we con-
tribute a new artifact (a novel 3D printed brace design) for specific
users (patients with joint injuries) and a design tool for physicians
to customize it. While there could be broader application potential
for our wearable device, e.g., as an exoskeleton, we intentionally
focus our application narrowly on rehabilitation. This paper is
not intended to generalize and explore applications, but to solve a
specific, important problem for users in joint rehabilitation.

2 RELATEDWORK
Our work builds on previous work in personal and user-centered
rehabilitation devices, bistable mechanisms, and customized, multi-
functional orthoses.

2.1 Personal Fabrication for Rehabilitation
Customizable and interactive rehabilitation devices have been an
important area in human-computer interaction (HCI). Prior re-
search has explored various aspects of device fabrication [30], mon-
itoring [21, 51, 58], sensing [26], and tangible interactions [24, 31]
to support rehabilitation.

By enabling tailored rehabilitation, personal fabrication tech-
niques empower both end-users [15, 17, 41] and clinicians [16].
Supporting users in creating their own assistive technologies has
been shown to improve adoption rates [17]. Nowadays, 3D printing
technology is increasingly popular in personal orthopedic fabri-
cation [1, 33, 40], which supports easy customization and rapid
prototyping.

Building on this goal of empowerment and personalization, our
work provides a customizable, adaptive solution for users’ finger
rehabilitation.

2.2 Bistable Mechanism Applications
Bistable structures have been widely explored, due to their unique
snap-through behavior and the benefit of the maintenance of two
stable configurationswithout requiring continuous energy input [5].
Applications include shape-changing interfaces composed of de-
ployable structures [10, 28, 34], materials with tunable proper-
ties [29, 57], soft robots with bistable actuation [4, 35] and digital
mechanical metamaterials [18, 19]. To the best of our knowledge,
this work is the first to investigate monolithic bistable structures
for rehabilitation.

2.3 Orthosis Customization
Researchers have been exploring computational design methods
that show promise in achieving precise body conformity, using
techniques such as thermoforming [36, 50] and casting [27, 56]. For
example, Zhang et al. [55] proposed a pipeline to produce thermal-
comfort and personalized orthopedic casts. To fabricate customiz-
able orthoses through 3D printing [33, 40], Wang et al. [50] intro-
duced a pipeline that enables both shape and electronics placement
to conform to individual bodies. These approaches focus on static
braces, highlighting the importance of on-body personalization of
orthotic devices.

Dynamic braces are a type of braces that allow movement while
applying corrective force on the finger joint [3]. Adjustable dynamic
braces have been developed to allow users to manually change the
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corrective force of the device [37]. They are typicallymass-produced
and rely on fixed-tension, large spring force. Due to the inherent
spring properties, the range of adjustable strengths is predefined.

To support user-specific customization based on individual
strengths, in this paper, we propose a design pipeline for amultifunc-
tional orthosis. This enables a rehabilitation routine that combines
both the immobilization and mobilization phases.

2.4 Multi-Functional Orthoses
Researchers have explored robotic and actuated exoskeletons that
adapt to users’ daily needs through motorized [39, 49] or pneumatic
actuations [9, 30]. In HCI research, VR gloves also apply forces
for haptic feedback, enhancing virtual interactions [13, 14, 47].
These devices are also powered exoskeletons. For example, So-
matoShift [14] integrates mechanical articulation with feedback
mechanisms to provide realistic sensory experiences, such as modi-
fying the ease of movement.

In this paper, we emphasize a highly customizable and simple
solution, without relying on bulky actuators or external power
sources, which increase complexity and reduce wearability. To
support patients’ everyday lives and long-term rehabilitation, we
propose a fully passive orthosis that supports dual functionalities.

3 BACKGROUND
In this section, we introduce the multiple stakeholders involved in
our design process and the two main rehabilitation scenarios that
we focus on.

3.1 Multiple Stakeholders in the Design Process
This interdisciplinary collaboration integrates expertise from HCI,
biomechanics, and clinical research. The HCI researchers initiated
the project, designed themechanism, and conducted the evaluations.
The biomechanics experts supported this process by identifying
critical metrics and technical evaluation protocols. Our collabora-
tors evaluated early prototypes of the brace and provided feedback
based on the rehabilitation requirements and their experience with
patient care, which informed key design decisions, particularly
around assistive forces and wearability, ensuring relevance to clin-
ical practice. The medical experts on the team included a hand
orthopedic surgeon, a physical therapist, an occupational therapist
(all from the University of Pittsburgh Medical Center), and a re-
search scientist for hand-related research from Stanford University
School of Medicine. We developed the protocol for our case study
with a patient (Section 9) and reviewed the results with the clini-
cians on the team, ensuring that it is aligned with clinical practice
and captures meaningful outcomes.

Our medical collaborators provided insight into our target
patient populations, rehabilitation timelines, and requirements.
Among various finger joint conditions (e.g., arthritis, contractures,
fractures), they identified tendon injury rehabilitation [45] for proxi-
mal interphalangeal (PIP) joint as the most suitable focus, due to the
challenges of treating post-injury stiffness without adequate early
mobilization [42, 53]. Specifically, two indications will potentially
benefit from a device that supports both protective immobilization
and periodic mobilization, as described in the following.

3.2 Supporting Early Mobilization
Similarly to the rehabilitation routine described in the Introduction,
the patients’ fingers after tendon injuries are typically immobilized
for the first few weeks. As healing progresses, they transition to
alternating between wearing the brace to allow the tendon ’to grow’
and performing controlled exercises without it to prevent long-term
finger stiffness [42, 53] in a day. The patients’ fingersmay still have a
full range of motion in extension, theymay be limited in flexion, and
their joints are typically sore and swollen. As mentioned, repeatedly
taking off and putting on their static braces is cumbersome and can
disrupt their daily life and cause patients to follow their therapy
less consistently [44]. Since tendon rehabilitation can take several
weeks to months, creating comfortable braces that do not frequently
need to be removed can improve patient compliance and recovery
outcomes. Therefore, we anticipate that our brace can help these
patients adhere to a regular exercise schedule by supporting easy
switching between immobilization and mobilization.

3.3 Limited Motion Range Due to Extensor Lag
Another indication is known as extensor lag, which limits patients’
active range of motion. As illustrated in Figure 3, the affected fingers
remain bent; that is, patients cannot fully extend their fingers by
themselves. However, the finger can still be straightened passively
using the other hand, as we illustrate in Figure 3b. This is due to
an asymmetry between the extensor and flexor tendon strength,
where the extensor tendon is too weak to overcome the flexor
tendon. Extensor lag can be caused by tendon rupture or traumatic
elongation.

active range of motion

furthest 
extension

(b)(a) passive range of motion

θ
F

PIP joint

extensor tendon

Figure 3: An illustration of a finger joint with extensor lag,
which has (a) a limited active range ofmotion, but (b) with ex-
ternal assistance, can be manipulated through the full range
of motion (passive range of motion). (a) The angle between
the furthest reachable position and the fully extended posi-
tion is denoted as the furthest reachable angle, or extension
angle 𝜃 .

In addition, flexor lag is the opposite issue of extensor lag, i.e., the
patient cannot fully bend their fingers into a fist independently, but
their fingers can be bent passively. Since extensor tendon injuries
are more common than flexor tendon injuries [2], with the index
finger representing the most commonly injured finger [8], we will
demonstrate our bistable brace on extensor tendon rehabilitation.

For effective rehabilitation, braces in these cases need to position
the finger beyond the range that the patient can actively achieve, to
help gradually restore the full range of motion. Our bistable brace
may be beneficial for this patient group, as it can actively pull fingers
when it transitions between its states, beyond the patients’ active
motion range. Additionally, we can design our brace’s angle in the
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stiff state and its transition angle independently (see Figure 6c) to
adjust to the patient’s individual range of motion and rehabilitation
needs.

3.4 Current Splints in Practice
As discussed, patients recovering from tendon injuries are most
often prescribed static braces, which immobilize the injured joint
to protect the healing tissue. The aforementioned dynamic splints
are rarely used in practice for both of the above indications [52].
The reason is that their designs don’t align well with rehabilita-
tion routines of alternating between periods of immobilization and
active mobilization. In addition, dynamic splints typically apply
significant force to injured joints, which can cause discomfort or
pain [48].

4 BISTABLE ORTHOSIS
Based on the rehabilitation needs for the aforementioned tendon
injuries, we derive a set of design goals:

• Easy switching between immobilization & mobilization,
allowing patients to conduct daily activities or doctor’s sug-
gested exercise without removing the brace.

• Customizable range of motion such that the finger can
be extended beyond its active range of motion during immo-
bilization.

• Customizable stiffness of the brace to not cause excessive
stress on the injured joint.

• Customizable fit to ensure effective transmission of forces
from the brace and to avoid skin breakdown during wear.

To achieve these goals without actuation, we leverage structural
bistability. Our design takes the bent position for daily activities
and the extended position for rehabilitation as two stable states.
We make it a monolithic, compliant design that further supports
customization.

4.1 Easy Switching Mechanism
Bistable mechanisms can hold to distinct states without external
force [5]. We use this general mechanism to design our brace, as
we illustrate in Figure 4. The brace has two rigid members that are
connected by a stiff elastic band. As shown in Figure 4b, when users
bend their finger, they rotate the rigid members, eventually causing
them to form a line. The elastic band resists this deformation and
stretches slightly before the rigid members can snap through and
bend further. In other words, it acts similarly to an extension spring.
Once snapped through, further rotation causes only little resistance,
as the thin band bends very easily (see Figure 4c). As shown in
Figure 4d, during the bending process, users must overcome a force
threshold 𝐹down, and the transition to the flexible region begins at
approximately 2 · 𝜃 , as defined by the geometry of our design.

When returning, the mechanism stretches the elastic band until
the structure reaches the critical point, snaps through, and locks
itself in the extended position (Figure 5). During extending the
finger, the maximum force users should exert is |𝐹up |, and as long
as the bending angle 𝜃 is passed, the device snaps and pulls the
finger into extension.

(d)

hard

elastic band
(stretched)

(a) state 1: rigid

(b) switching process (unstable)

(c) state 2: flex

elastic band
(flexible)

bending angle

bending finger
force

2xθ0

2xθ

θ

easy

(a)

(b)

(c)

Fdown

Fdown

elastic band

rigid members

Figure 4: Illustrations of the switching process during finger
flexion. (a) The brace starts in the stiff state; (b) finger ap-
plies a force to reach the switching threshold, which slightly
stretches the orthosis elastic band; and (c) the orthosis snaps
to its flex state, where further rotation is easy. (d) The re-
quired finger force during this process changes with the
bending angle.

extending finger

force

(a) (b) (c)

snap

force

bending angle

force

Fup

Fup
θ

θθ

flex

stiff

Figure 5: Illustration of the switching process during exten-
sion. (a) The finger starts in the flex state; (b) a force is applied
to reach the switching threshold; and (c) passing a critical
angle, the orthosis snaps into the stiff state.
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4.2 Customizable Design
We can tune the forces and angle that need to be reached to trigger
snapping through geometric parameters, allowing customization,
as we illustrate in Figure 6. These forces the brace takes to snap
between stiff and flex states are mainly defined by the length of
the band in relation to the lengths of the rigid members, which is
a geometric property in our design. The switching angle 𝜃switch
is also defined by the structure, as it is always a bit larger than
the supplementary angle 𝜃 between the two rigid-body edges (Fig-
ure 6a).

Although these are the most impactful parameters, we note that
the compliant hinges connecting the rigid members and the elastic
band (illustrated as dots in Figure 6a) also influence the switching
angle and forces. We discuss, simulate, and optimize these design
parameters in our computational design tool (Section 8.3).

(a) (b)
bending angle

force

θ = 15°, 30°, 40°

L

bending angle

force

θ  

t

t = 0.4, 0.8, 1.2 mm

Fdown

Fup

θ θswitch

Figure 6: The geometry of our bistable orthosis can be tuned
to (a) adjust the switching angle, or (b) adjust the maximum
forces required to switch the brace.

4.3 Fabrication
For easy customization, we design our structure to be fully compli-
ant such that it can be 3D printed in one piece without the need
for assembly. We print all our prototypes using PCTPE filament, a
co-polymer composed of nylon and thermoplastic elastomer. We
use PCTPE because of its balance of rigidity, flexibility, and durabil-
ity based on our early tests. Nylon is widely used in wearables due
to its durability and biocompatibility, and PCTPE is particularly
good for engineering the elastic band as a tension spring, with 497%
elongation at break (X-Y direction). All prototypes in this paper
were printed using an Ultimaker 2+ with a 0.4mm nozzle at 60%
infill density.

5 TECHNICAL EVALUATION
With a bistable mechanism that enables easy switching, our techni-
cal evaluation is to understand how to adjust geometric parameters
to user-specific strengths and extension angle, which is crucial for
customization.

5.1 Understanding the Geometry-Torque
Relationship

First, we aimed to characterize the relationship between geometry
and the force thresholds it creates. To do so, we generated differ-
ent designs and measured the torques needed for stiff→flex and
flex→stiff transitions.

5.1.1 Defining parameters. Wedenote the parameters of our design
as illustrated in Figure 7. Specifically, 𝜃 defines the angle at which
the mechanism is already in the process of snapping from flex to
stiff states. We define 𝜃 in our design by construction to match
users’ capabilities. The force it takes to switch between the states
will be defined by the triangle formed by rigid links 𝑎 and 𝑐 , which
together with 𝜃 define the original length 𝐿 of the elastic band.

θ

2xθ
ab

Lc stiff state 

flex state 

Figure 7: The geometric parameters of our orthotic device.

To establish a model on how the geometry defines the force
thresholds, we first generated 14 designs, illustrated in Figure 8,
by varying 𝑎 and 𝑐 individually to 15, 20, 30, 40, and 50 mm, while
keeping the respective other members and 𝑏 at 20 mm and 𝜃 at
30◦. Our original parameter range was 10 - 50 mm with 10 mm
increments. However, the printed samples with 10 mm length for 𝑎
and 𝑐 were not bistable; therefore, we used 15 mm as the lower end.
Additionally, we tested the impact of 𝜃 using 15◦, 30◦, 40◦, and 45◦.
As expected, 2 · 𝜃 is the start of the flex state (Figure 8b). Larger
angles would push the finger in a highly bent position in the flex
state, such that users couldn’t use their finger effectively anymore,
making them infeasible designs.

5.1.2 Measuring torque. To evaluate the effect that the brace would
have on a person’s PIP joint, we measured our samples on a uni-
versal testing machine (Mark-10 ESM 303 and a 50 N force sensor
with 0.02 N resolution). As shown in Figure 9, we fixed our samples
in a jig close to the flexure where 𝑎 and 𝑐 meet. To measure how
much torque is needed to switch the brace sample stiff→flex, we
moved the gauge downwards until the brace sample switched over
(see Figure 9a). We compute the maximum downward (bending)
torque as 𝑇down = 𝐹⊥ ∗ 𝑑 = 𝐹 ∗ 𝑑0. Our jig sets 𝑑0 = 55𝑚𝑚. To
measure the torque needed to transition flex→stiff, we show in
Figure 9b how we flipped the brace over in our jig and pushed it
down until it switched to its straight position. Here, 𝑑0 = 10𝑚𝑚 for
our computation of the upward torque (extension) magnitude |𝑇up |.
We combined the torque-displacement curves from these two mea-
surements by flipping the displacement of the flex→stiff process.
We showed the results of a sample with 𝑎 = 𝑏 = 20, 𝑐 = 50, 𝜃 = 30
in Figure 9c. From the torque-displacement curve, the maximum
torque is what we want to define with geometry parameters to
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Figure 8: Brace samples for defining key geometric parame-
ters. (a) Illustrations of variations with different 𝑎, 𝑐 and 𝜃 .
(b) 3D printed samples annotated with the starting angles of
the flex state.

tune to individual (remaining) strength and to avoid accidental
activation. The minimum torque, which is negative, is the force
required to pull the finger up to the extended position.

5.1.3 Results. After evaluating multiple models, we found that the
torque thresholds correlate with Δ𝐿, that is 𝑎 + 𝑐 − 𝐿, as shown in
Figure 10. Δ𝐿 is the amount that the elastic band needs to stretch
during the snap-through from one stable state into the other, since
𝑎 and 𝑐 are collinear at that point. We note that Δ𝐿 is an absolute
value and depends on the material properties. We expect materials
that are easier to stretch than our PCTPE will require a design with
a larger Δ𝐿 for the same switching torque, and vice versa for more
rigid materials.

5.1.4 Varying torque independently. After establishing the correla-
tion between Δ𝐿 and the switching torques, we further evaluated

d0

F
F
⊥

d

d0

F

F
⊥

d

(a-1) (a-2) (a-3)

(b-1)

(c)

(b-2) (b-3)
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0

5
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measurement direction
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brace

brace

torque (N mm)

Tup

Tdown

displacement
 (mm)

b-2

brace

gauge

flipped

snap

snap

b-1a-1

a-2

a-3

b-3

Figure 9: We measured the compression force to switch the
states of our sample from (a) extended to bent and (b) from
bent to extended. (c) We combined the results of these two
measurements to form the torque-displacement curve of the
full switching process.
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Figure 10: (a) Illustrations of Δ𝐿 and (b) the results of how
individual parameters 𝑎, 𝑐, and 𝜃 influence the torques.

the model. We printed 11 new samples of our brace, all with a con-
sistent 𝜃 = 30◦. We sampled Δ𝐿 between 1 and 3 mm in increments
of 0.2mm. To do so, we scaled 𝑎 and 𝑐 proportionally, as we show
in Figure 11. We measured the samples using the same setup and
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procedure as before. Our results show that the switching torque
grows quadratically with Δ𝐿 for both 𝑇down and 𝑇up.
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Figure 11: (a) Illustrations of variations with different Δ𝐿. (b)
We 3D printed the models for force measurement. (c) The
results show how Δ𝐿 influences the torque.

5.1.5 Varying angle independently from torque. Next, we expanded
our experiments and investigated how our design allows for varying
the switching angle independently from the switching torques. To
do so, we printed 26 new samples. As Figure 12 illustrates, we
sampled the parameters for Δ𝐿 from 0.8 to 3.2 mm in increments
of 0.4 mm, and 𝜃 between 15◦ and 45◦ in 5◦ increments. From the
total 42 possible parameter combinations, we set the limits for the
lengths of a and c with a minimum of 15 mm to ensure bistability,
and a maximum of 50 mm, which is larger than half of the average
index finger length [32]. We excluded 16 combinations where the
lengths of a and c were outside these boundaries.

Our results show that we can customize the switching angle
and torque thresholds independently. For example, if we want to
increase the switching angle, we can keep the torque the same by
decreasing Δ𝐿. Moreover, the results show that our device has a
sufficient torque range with up to 43 Nmm to cover the maximum
torque of current dynamic splints [25], which is at about 36 Nmm.

5.2 Cyclic Test
To evaluate the durability of our orthosis, we attached a sample
to an MG995 servo motor. The switching angle of the test sample
was 40◦, with 𝑎, 𝑏, and 𝑐 are 18 mm. As shown in Figure 13, the
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Figure 12: (a) We varied 𝜃 and Δ𝐿 independently and (b)
measured their maximum switching torques 𝑇down and |𝑇up |.
The results show how we can tune the switching angle and
torques independently.

Figure 13: (a) Cyclic test setup. We used a servo motor
to drive the orthosis to switch between states. (b) Torque-
displacement curves of our tested sample before and after
running 2000 cycles.

motor rotated the orthosis to 90◦ and then returned it to the starting
position for more than 2,000 cycles. Each cycle took 5 seconds. We
measured the torque before and after the cyclic test. Our results
show that switching torques𝑇down and𝑇up remained the same from
"before" to "after". To quantify the overall similarity between curves,
we calculated the Root Mean Square Error (RMSE) between the
torque values at corresponding displacement points, yielding an
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RMSE of 0.615 Nmm, significantly smaller than the measurement
error margin. Our results confirm that our compliant brace design
can withstand frequent switching of states. More extended fatigue
tests may be interesting for future product building on our research
results.

6 DESIGNING FORWEARABILITY
After validating our bistable design and its design space, we inte-
grate the mechanism into a wearable form factor. Two key design
factors for orthosis wearability are self-alignment and attachment.

6.1 Self-Alignment
When the finger bends, the skin over the joint stretches. As Fig-
ure 14 shows, to accommodate this deformation and ensure that our
orthosis stays aligned properly with the finger during movement,
we cut out space to allow the joint to deform and move the hinge
between the rigid bodies of our orthosis towards the middle of the
joint accordingly.

sliding

(d)

(a) (b)

device

finger

device

finger

(c)

Figure 14: Self-alignment design. (a) To prevent the brace
from sliding with the finger when it bends, (b) our design
adapts to the finger deformation, which includes space that
allows for (c) the deformation of the joint during bending.
(d) User can freely move their fingers and perform different
gestures with our brace.

6.2 Attachment
We design our attachment (Figure 15a) with a combination of two
compliant strips to achieve tight coupling, secure fit, and ease of
putting on. First, the attachment must tightly couple the brace to
the finger to effectively transmit forces and minimize lift-off during
state transitions. To achieve that, we design a less elastic strip near
the finger joint to maintain coupling, especially when returning
to the stiff state (blue outlined lines illustrated in Figure 15c). The
shape of this strip also avoids squeezing the skin when the user
attempts to make a fist (Figure 15b). Second, our all-in-one-piece
design allows the brace to be easily put on with one hand. Although
Velcro straps are commonly used for adjustability, they are difficult
to operate single-handedly, as we observe in the next Section. Fi-
nally, we incorporate a more elastic strip to balance the need to have
a snug fit and accommodate the swollen knuckle, because without
a secure fit, sliding can lead to skin irritation, while joint swelling
during rehabilitation requires a degree of elasticity for comfort and
the ease of putting the brace on through the knuckle. Therefore,
the strip with greater elasticity (blue outlined lines illustrated in
Figure 15d) is designed to open larger spaces to allow the user to
put on the brace and return to its resting shape once in position.

Strip 1

put on the brace through swollen knuckle

Strip 2

(d)

effective coupling 
during extension

no collisions
(a) (b)

(c)

Figure 15: Attachment design. (a) Our brace attachment
is composed of two types of strips with different elastici-
ties. Strip 1 (b) allows bending fingers without restrictions,
and (c) couples the brace with the finger during movement.
(d) Strip 2 supports putting on the brace through the swollen
knuckle one-handed, without the need for more adjustment.

7 USER EVALUATION OF WEARABILITY
Our first user study1 aims to evaluate whether our brace design
supports dexterity. We assess (1) how easy it is to put the brace
on, (2) whether participants can feel the state transitions of the
brace, and (3) how our device influences finger dexterity and daily
activities. Since dexterity preservation is our key innovation over
static braces, this study focuses on the evaluation of themobilization
mode. We note that this study does not compare against static
braces, as they are known to hinder dexterity.

7.1 Procedure
As this is the first user study with this novel device, we refrain from
testing with injured patients for safety reasons at this point. The
1Carnegie Mellon University IRB #STUDY2022_00000398
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findings from healthy participants are valuable for further design
decisions, customization, and safe patient testing. We recruited 10
healthy participants from local universities (3 male, 7 female), with
an average age of 27 years (SD = 0.82). The study session lasted about
an hour, which was compensated with $15. Each participant used
the same brace (𝜃 = 30◦, Δ𝐿 = 2 mm in Figure 10) with velcro strips
to adjust it to participants’ fingers. We documented participants’
verbal feedback and ratings for our study parts.

stretch

take off

move the index finger

move both hands
put on bendstretch

wear the orthosis

 (P1)

 (P8)

 (P8)  (P1)

 (P5)

 (P5)

 (P5)

(P2)  (P4)  (P4)

 (P9) bend

(a) instructions & wearability

(b) tasks

(c) free-use & interview

cut write

grasp objects

type

30-minute free-use semi-structured interview

Figure 16: Our study procedure: (a) Instruction and Weara-
bility, (b) 4 tasks, (c) 30-Minute Free-Use Period

#1: Instruction & Wearability: We first demonstrated to the par-
ticipants how to put the brace on the index finger of their dominant
hand. Then we took it off and asked them to put it on and take it off
by themselves. They rated the difficulty of independently putting
on the device on a 7-point Likert scale. Next, we asked the partic-
ipants to slowly bend and extend their braced finger, compare it
with the movement of the unbraced hand, and report when they
feel the brace switching.

#2: Controlled Dexterous Tasks: Participants performed four short
tasks in random order: (1) cutting using scissors, (2) writing, (3)
typing a 359-character paragraph, and (4) grasping a bag, a mug
with a handle, and a filament spool. Participants were asked to
think aloud and rate the difficulty and influence of the brace for
each task on a 7-point Likert scale.

#3: 30-Minute Free-Use & Interviews: Participants wore our device
for 30 minutes for self-chosen tasks. Afterwards, participants rated
task difficulty and the device’s influence again using a 7-point Likert
scale. We then conducted a semi-structured interview about their
experience with the device, including their activities, perceptions,
and interactions with the device and any accidental or unsuccessful
switches.

7.2 Results
Overall, our results indicate that participants found the brace easy
to put on & take off one-handed. They found that the brace did
not interfere with the dexterous tasks, with typing being the only
exception. We summarized all Likert-scale ratings in Figure 17 and
will discuss detailed results in the following.

wearing the 
orthosis

level of difficulty influence of the device

cutting

grasping mug

grasping bag

grasping spool

writing

typing

free-use
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Figure 17: Participants’ ratings of the difficulty and impact of
our devices on specific tasks and daily activities. The numbers
on the scale are the average ratings across the participants.

Ease of wearing one-handed . All participants were able to put
the device on and off independently. The difficulty mainly depends
on whether they need to adjust the Velcro strap, which is hard with
one hand. P2 noted that the design provided helpful alignment as
the hole in the middle was "a visual affordance to align the joint.
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I can even close my eyes and do it". This result validated the later
development of our attachment structure mentioned in Section 6.2.

Perceived state switching. Most of the participants (8/10) could
feel and predict when the device was about to switch states. They
described the sensation as "the resistive force gradually increases"
(P1), followed by "a sudden point" (P4). After switching, the partici-
pants noted reduced resistance (P4, P7). Several participants also
mentioned that extending the finger was easier than bending it (P1,
P2, P7, P8, P9). They also observed differences in motion patterns
compared to their unbraced hand. All participants noticed that the
braced finger started “moving slower” (P1) while “accelerated at
some points" (P7).

Finger dexterity in daily activities. All participants successfully
completed the four dexterous tasks. As the ratings in Figure 17
show, tasks involving stable grip (writing, grasping small and large
objects, using scissors) were rated easiest, and participants generally
reported that the brace did not obstruct their tasks. However, tasks
requiring rapid finger extension and flexion, such as typing with the
braced finger, were more challenging and needed more practice (P1,
P10). Some participants also mentioned challenges in placing the
braced finger together with other fingers through narrow spaces
like scissor handles (P3, P4, P9).

During free use, participants reported ease during social inter-
actions (P1), photography (P5, P6), using painting spray (P2), and
tool assembly (P2, P10). More difficult tasks included peeling ba-
nanas (P4) and operating precise tools like Vernier calipers (P7).

Dual functionality. All participants reported that the device kept
their fingers straightened more often during rest (“When relaxed, it
always gets it straight” (P7)), such as, during social interactions (P1),
which is encouraging for supporting the immobilization schedule.
For the mobilization routine, P10 mentioned that they should "bend
it purposefully (to involve the finger in daily activities)”. In terms of
the range of motion, most participants were able to make a full fist,
while three could not fully touch their palm with the braced finger
tip (P6, P8, P10), restricted by the Velcro strips. Accidental switches
were rare and mainly mentioned during typing (P2, P4, P10).

Comfort and satisfaction. Most participants found the device very
comfortable, lightweight, and natural to use. "After 5 minutes, I got
used to it and barely felt it." (P2). Participants also found the device
more resilient than expected (P1, P2). Reported issues included
discomfort from improper fit (P1, P6), irritation from Velcro straps,
and occasional slippage due to sweat (P2, P8). Participants hoped
to have customized sizing (P2) and switching angle (P7, P8), like
"a smaller degree of bending would help with typing." (P8). This
highlights the importance of customization in orthosis design.

Interestingly, P9 hoped to get one for their knee, "I like it a lot.
I want one for my leg, as I have a knee problem and want to keep
it straight." P10 was interested in having braces on all the fingers,
saying that “for the tasks that I feel helpful like writing and grasping,
the experience will be enhanced if I use it on all the fingers.”

8 CUSTOMIZATION PIPELINE
We develop a customization tool for therapists and physicians who
prescribe braces for patients. Physicians can customize the bistable

finger orthosis by entering the patient’s finger measurement data.
Our computational design tool optimizes personalized orthosis
models. Users can then download the corresponding ’.STL’ file for
3D printing.

8.1 System Overview
Our customization tool, shown in Figure 18, consists of three pri-
mary components: (1) User inputs: a web-based interface that col-
lects measurement data, including the patient’s finger dimensions,
extension angle, and strengths. Users can also select the desired
device strength levels. (2) Parameter optimization: When the user
clicks "Generate", a simulation-based optimizer processes the input
finger angle and strengths, and computes the optimal brace geomet-
ric parameters. (3) Parametric modeling system: generates the brace
model based on the optimized parameters and finger dimensions.
The user can then download the final result.

Bistable brace

2

3

4

1

Figure 18: Our user interface that supports the workflow of
1○ user input of finger measurement results, 2○ selecting
device strengths, 3○ generating the brace model and preview
it on the finger, and 4○ downloading the brace model.
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Figure 19: The finger measurement data include (a) finger
dimensions, (b) extension angle, and (c) strengths

8.2 Input: Finger Measurement
Three types of finger measurement data are needed as input, as
illustrated in Figure 19. Measurements can be taken with common
tools, such as a ruler or caliper for dimensions, a goniometer or
protractor for extension angle, and a force gauge for strength (e.g.,
a simple spring scale).
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The finger dimensions (Figure 19a) define the finger mesh and
the brace size. These include the widths (𝑊1,𝑊2,𝑊3) and depths
(𝐷1, 𝐷2, 𝐷3) of the distal interphalangeal (DIP) joint, PIP joints, and
the finger base, as well as the lengths (𝐿1, 𝐿2, 𝐿3) of the phalanx
segments between joints.

The extension angle measurement (Figure 19b) is only necessary
for patients with extensor lag, and is taken when the user extends
the finger as far as possible without pain. For patients with a full
active range of motion, such as our case study participant (next
Section), we define the switching angle as 20–25◦ to allow distinct
switching perception and prevent accidental switching.

The finger strengths (Figure 19c) define the target torque thresh-
olds. The first is finger stiffness, or the passive extension force
(𝐹ext,p). To measure it, the patient relaxes the joint in an extended
position, and the clinician pulls the gauge perpendicularly until the
joint is fully or comfortably extended without the finger applying
active effort. Secondly, active bending force (𝐹bend,a) can be ob-
tained with the clinician holding the gauge steady while the patient
actively bends the joint as strongly as comfortably possible. Thirdly,
active extension force (𝐹ext,a) is measured by the patient flipping
the hand and actively extending the joint with the maximum com-
fortable effort, with the clinician holding the gauge steady. When
taking measurements, the force gauge is always connected to the
DIP joint, and the resulting torques are calculated by multiplying
the measured forces by 𝐿2, the distance between the DIP and PIP
joints.

8.3 Simulation-Driven Optimization
The user’s extension angle and strengths define the switching angle
and the ranges of the torque thresholds of the target brace geometry
of our simulation-based optimizer, as Figure 20 shows.

torque

angle

                θ        = θfinger
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Text,a  <   Tup    < -(0 + ε) θ

Tdown
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Tbend,a
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target
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Figure 20: The target values of our optimization. 𝑇bend, a,
𝑇ext, p,𝑇ext, a, and 𝜃finger represent finger metrics: active bend-
ing torque, passive extension torque, active extension torque,
and maximum extension angle. 𝑇 target

down , 𝑇 target
up and 𝜃 are the

target device properties for our optimizer.

First, 𝜃 = 𝜃finger, the user’s maximum extension angle. 𝜃 is in-
herently smaller than the actual switching angle 𝜃switch (Figure 6a),
which is the point at which the orthosis switches states. As shown
in the torque–displacement curve (Figure 20), 𝜃switch is labeled at
the first zero crossing of the curve. By assigning 𝜃 = 𝜃finger, users
are able to pass the switching angle 𝜃switch to trigger the upward
snap during finger extension. This relationship (𝜃 < 𝜃switch) results
from hinge stiffness, which introduces an upward restoring force
as the hinge bends away from its fabricated shape. We note that
this force not only shifts the switching point but also reduces the

magnitude of the extension torque threshold, making |𝑇up | smaller
than 𝑇down.

Second, the downward switching torque 𝑇 target
down must be greater

than the finger’s passive extension force (𝑇ext,p) to keep the finger
straight and avoid accidental switch, yet smaller than the user’s
active bending torque (𝑇bend,a) to allow intentional flexion. Note
that for the two indications we focus on, 𝑇bend,a is typically greater
than𝑇ext,p, which is a key condition for our device and optimization
function.

Lastly, to ensure bistability, the upward switching torque 𝑇 target
up

must be negative, and its magnitude should be smaller than the
user’s active extension torque (𝑇ext,a) to allow the user to trigger
the return to the extended state.

8.3.1 Simulation. Our brace geometry optimizer is supported by
our physics-based simulator. We implemented aMuJoCo [46] model
of our parametric orthosis attached to a finger and simulated the
torque exerted by the finger during movement. This process com-
putes the torque-angle profile for a given geometry.

finger

(a) our MuJoCo model

brace

(b) compliant hinge and elastic band parameters

bodies

tendons

hinge joints

rigid members

elastic band

compliant hinges

Hlength
Hthickness

Lwidth
Lthickness

physical components MuJoCo elements

Figure 21: 3D Representation of the (a) MuJoComodel, where
the compliant hinge and elastic band properties are defined
by (b) their parameters.

Modeling. We model the finger and brace’s rigid links, compliant
hinges, and elastic band with MuJoCo built-in elements, as Fig-
ure 21a shows. The finger is modeled as rigid bodies connected by
hinge joints.

The brace’s rigid members are modeled as bodies as well. Three
compliant hinges of the orthosis are modeled as hinge joints, with
the joints’ stiffness and damping scaling with the brace’s hinge

geometry 𝐻k =
𝐻 3

thickness
𝐻length

(Figure 21b), based on the pseudo-rigid-
body model [54]. While hinge width also affects stiffness, we keep it
constant at 2 mm to maintain structural strength while minimizing
the overall brace profile. To simplify the model and reduce the
number of parameters, all three hinges use the same dimensions.We
model the elastic band as the combination of two tendon elements:
one for bending and one for extension. The bending tendon behaves
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like a hinge joint, with properties that change based on elastic band
geometry. The extension tendon stiffness scales with cross-sectional
area [11] (𝐿A = 𝐿thickness · 𝐿width, as Figure 21b shows), and its rest
lengths are determined by 𝑎, 𝑐 , and 𝜃 .

Simulation process. To simulate the torques during the finger
bending process, we gradually increment the finger joint angle Δ𝛼 ,
compute the kinematics and dynamics of the system, and record
the torque through the MuJoCo sensor attached to the PIP joint
(Figure 22). To capture the nonlinear material behavior in large
deformations of the hinge connecting two rigid members, an ad-
ditional actuator is attached to the corresponding hinge joint and
exerts resistive torques proportional toΔ𝛼3 at each step, determined
by beam theory and empirical testing. From the output torque-angle
curve, we can extract the simulated device torque thresholds𝑇down
and 𝑇up.

torque sensor

∆ɑ

Figure 22: The simulation process by incrementing Δ𝛼 and
measuring the finger torque through the torque sensor.

Material properties tuning. To match the simulation results to
actual behavior with our material (PCTPE) and 3D printing set-
tings, we tuned the material properties, including the coefficients
of the stiffness and damping of the hinge joints and tendons, and
the nonlinear stiffness coefficients of the hinge joint under large
bending.

We printed five samples with varying geometric parameters and
collected their torque data experimentally. We then employed a
differential evolution algorithm [43] to fine-tune these coefficients
by minimizing the difference between the simulated and measured
values of𝑇down and𝑇up (Figure 23). The resulting root mean square
errors (RMSE) were 5.10 N·mm for 𝑇down and 3.25 N·mm for 𝑇up.

To estimate the inherent fabrication andmeasurement variability,
we also printed the same model twice and measured the torque pro-
files. The deviation between the two prints was 2 N·mm for 𝑇down
and 3.2 N·mm for 𝑇up, suggesting that a portion of the observed
error stems from the measurement and the fabrication process.

Features. As identified in Section 5, the geometric parameter
that has the greatest impact on torques is Δ𝐿. In addition, the hinge
geometry 𝐻k and elastic band geometry 𝐿A influence the hinge
joints and tendons’ stiffness and damping.

To understand how each key parameter impacts the simulation
result, we simulated three sets of models, each including 10 data
points varying a single parameter while holding others constant.
As shown in Figure 24, increasing the tendon offset Δ𝐿 or the elastic
band cross-sectional area 𝐿A leads to higher absolute values of both
𝑇down and 𝑇up. When increasing the hinge geometry ratio 𝐻k, the
upward torque decreases in magnitude, as expected.
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Figure 23: We printed five test samples to fit our simulated
material properties with the experimental data. For each
model, we reported the deviation of 𝑇down and 𝑇up between
the fitted simulation and the corresponding experimental
measurements. We also reported the RMSE for𝑇down and𝑇up
across all samples.
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Figure 24: Impacts of key parameters Δ𝐿, 𝐻k and 𝐿A to simu-
lated 𝑇down and 𝑇up.

8.3.2 Optimization. With our simulation, we can optimize the
geometric parameters that yield the desired 𝑇down and 𝑇up. To do
that, we employed the differential evolution algorithm [43]. Our
optimization objective is as below.

𝜃 = 𝜃finger (1)

min
Δ𝐿, 𝐿A, 𝐻k

(
𝑇down −𝑇

target
down

)2
+
(
𝑇up −𝑇

target
up

)2
(2)

The bounds of the decisive variables Δ𝐿, 𝐿A, and 𝐻k are deter-
mined based on the geometric parameters from which they are
derived. Specifically, Δ𝐿 is derived from 𝑎 and 𝑐 , which are bounded
between 15 – 50 mm according to our technical evaluation. The
bounds for 𝐻k and 𝐿A are constrained by the thickness and width
or length to ensure printability and preserve elasticity.

8.3.3 Evaluation. To evaluate the performance of our optimization,
we randomly selected four sets of target values 𝑇 target

down , 𝑇 target
up and

𝜃finger, then let our optimizer generate corresponding models, 3D
printed these brace models and compared their actual 𝑇down and
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𝑇up with the target values. The results are shown in Figure 25. As
expected, 𝜃finger < 𝜃switch holds for all samples. Across all models,
the RMSE was 12.54 N·mm for downward torque and 6.36 N·mm
for upward torque, with actual torque values tending to be higher
than the targets.

The current optimizer error is because the torques are highly
sensitive to hinge joint and tendon stiffness, which is determined
by their thickness, width, and length. The optimizer can produce
hinges and tendons with small differences in dimensions (1e-7),
which cannot be accurately reproduced by our 3D printer, as we set
the layer height to 0.3 mm for robust printing using our semi-soft
PCTPE filament. However, this is a technical limitation introduced
by our printers and may be mitigated using high(er)-resolution
printers or adjusting the optimizer to account for this error.We have
done the latter and accommodated the error in our optimization
routine. Also, since current dynamic orthoses are not personalized
or adapted to patients, which is an issue for patients’ tolerance
(as discussed in Section 3.4), there is no RMSE baseline that exists
for comparison. Our computational design tool that customizes for
patients’ strength addresses this gap.
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Figure 25: Comparison of the actual torques and switching
angle of generated braces and the target torques and angle.

To accommodate the optimizer error and produce a brace with
appropriate switching thresholds for the user, we establish conser-
vative ranges of target torque thresholds with safety margins, as Fig-
ure 26 illustrates. Specifically, for downward torque, 𝑇 target

down should
be defined within the range (𝑇ext,p + 12.54, 𝑇bend,a − 12.54) N·mm,
while the upward torque 𝑇 target

up is set within (-(𝑇ext,a − 6.36), -
6.36) N·mm, by applying error margins of ±12.54 N·mm and
±6.36 N·mm respectively. To allow users to toggle between differ-
ent brace strengths, in our system, we set 𝑇 target

down to 70%, 50%, and
30% of the allowable downward torque range for the stiff, medium,
and soft versions, respectively. We set 𝑇 target

up to 50% of the upward
torque range.

torque

angle

Tdown

Text,p

Tbend,a

Text,a

Tup

target

target

optimizer error

0

Figure 26: The ranges of 𝑇 target
down and 𝑇 target

up are defined based
on the optimizer error.

8.4 Output: Parametric Modeling
Finally, our parametric modeling generates ready-to-print orthosis
models that conform to the patient’s specific finger dimensions
while implementing the optimized parameters. We implemented
it using the Blender Python API (bpy)2, and Constructive Solid
Geometry (CSG) techniques.

To avoid pressure on potentially swollen joints, we modeled the
finger by performing radius interpolation along the finger axis to
capture dimensional variations at different longitudinal positions.
The brace is positioned by aligning the hinge between the rigid
members with the center of the PIP joint. We also adjust the device
width based on the maximum width of the finger. After modeling
the brace, we apply Boolean operations to create clearances between
the brace and the finger.

9 CASE STUDY
After evaluating the intended functionality of our brace with
healthy participants, we set out to understand how well patients
tolerate it. Our main goal was to gather initial data about comfort
and usability on an injured finger. Aligned with medical device
development protocols for early-stage evaluation, e.g., single-case
experimental design approach [23], we recruited one patient with
an extensor tendon injury who consented to participate in our
case study voluntarily. They cleared the use of our brace with their
physician, who supervised this study, and were compensated with
$100 for their 2-week participation (Carnegie Mellon University’s
IRB #STUDY2024_00000267).

9.1 Participant
The participant was a 47-year-old woman with an extensor tendon
injury on her left ring finger, following a PIP joint dislocation
(Figure 27a). She started our study about one month after her injury,
when her doctor advised her to start mobilization. At that time,
her affected finger had a full range of motion, but was swollen,
and trying to make a fist was painful. This pain affects her daily
activities that require her to bend her finger. She couldn’t grip a
pen, glass, or pillow, because that hurts. As a blogger, “it hurts to
type–because I’m not paying attention, I’m just in the groove of typing
and using that finger”.

According to her physician, her knuckle swelling and soreness
could last about 4-6 months. She was advised the rehabilitation
2https://docs.blender.org/api/current/index.html
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routine of wearing a brace to keep the finger straight for a few
hours, and to remove their brace and exercise the finger periodically,
which is the rehabilitation scenario described in Section 3.2. She
checked in with her doctor about every 2 weeks.

Before the study, she had been using a Rolyan Baseball Splint
(Figure 27b), a static splint that immobilizes all finger joints, for 6-8
hours per day for a month. While the splint provided protection,
she preferred not wearing any brace when she felt there was no
risk of aggravating the injury. During active hand use, however, she
relied on the splint, even though she noted it interfered with most
of her daily activities, including house cleaning, laundry, yoga, dog
walking, and typing for her blogs.

(a) (b)

Figure 27: (a) The injured finger of the participant. (b) The
previous splint she was using before the study.

9.2 Fitting the Brace
After introducing the participant to our brace and study, we took
measurements of her finger dimensions and strengths (Figure 28a)
through the process as described in Section 8.2.

We customized 3 braces for our participant with different
strengths (Figure 28b). We measured three braces before mailing
them to the participants, all of which fit within the participant’s
finger measurement range.

On a video call, she tried all three braces on. Brace 1 (medium
strength) fitted her affected finger best. Brace 3 was tighter (low
strength), but still comfortable. She mentioned that movement us-
ing the 2nd brace took more effort, which is the stiffest brace. As
Figure 28c shows, wearing our brace allowed the participant to
extend her finger completely and flex it a bit without pain, although
attempting to bend approximately 80◦ still caused discomfort re-
gardless of whether the brace was worn.

9.3 Comparison with Her Previous Brace
On the same video call and with brace 1 properly fitted, we asked
the participant to compare it with her previous splint by performing
tasks that reflect her daily routine. She selected writing, grasping
a cup and a pillow, using a broom, and typing as her tasks. After
each task, she rated the difficulty of the task and how each brace
influenced her performance.

As the ratings in Figure 29 show, our brace made all five tasks
easier. As expected, the long static brace covering her palm partially

“It moved with my finger. ”“with or without the brace,
when I bend it,

that's when it hurts.” 

“It fits my finger. It doesn't hurt
when I'm stretching it out.”
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Figure 28: (a) Participant finger measurement data. (b) We
customized three braces for the participant with different
switching angles and torques. (c) The participant wore our
brace.

hinders her daily activities a lot. With our brace, she can easily
complete all the tasks. Despite her dominant hand being injured,
writing was manageable with our brace. While grasping the pillow,
she mentioned: “I wouldn’t have done it–it would have hurt without
the device. And if I had the other splint on, the metal splint, I wouldn’t
have been able to pick it up like that because it would have kept my
finger straight. This is allowing me to move my finger back and forth,
which is very helpful.”

9.4 Daily Experience with Our Brace
The participant kept and used the brace for 15 days, with 13 days of
diary input. During the documented 13 days, the participant wore
our brace between 3 and 7 hours, averaging 5.3 hours per day. She
wore it during active hand use and wore no brace otherwise, i.e.,
during idle times. “When I’m really just hanging out and not doing
anything, I won’t wear a brace... not really moving my hand.”

During the study period, the participant found wearing our
brace made all her daily activities easier, getting dressed, buttoning
clothes, holding a book for reading, picking up the phone, house-
hold chores (cleaning, laundry), lifting grocery bags, dog walking,
doing yoga, etc. Opening jars is still difficult with a knuckle injury.
“I did some cleaning, dishes & dog walking so it helped to keep my
finger in a good & comfortable position. I like that the brace allows
me to bend my finger safely while I’m busy with a task, when I’m not
actually trying to bend it on purpose.” Aligned with our wearability
study results, their hand movement seems to get more natural, and
they don’t pay much attention to the brace because they don’t feel
it.

Occasional switching occurred, but only during highly active
hand use. "The brace would switch sometimes, but only while I was
using my hand more actively during chores, etc. The brace stayed in
position for most of the time I was wearing it."
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writing

wearing our brace wearing previous brace

level of difficulty influence of the device

very easy very hard helpful obstructive

grasping a glass
very easy very hard helpful obstructive

grasping a pillow
very easy very hard helpful obstructive

using broom
very easy very hard helpful obstructive

typing on the 
keyboard very easy very hard helpful obstructive

writing grasping a glass grasping a pillow using broom

(a)

(b-1) our brace

(b-2) previous brace

Figure 29: (a) The participant’s ratings of the difficulty and
impact on specific daily tasks of (b-1) wearing our brace and
(b-2) their previous braces. We didn’t take the screenshots of
the typing process as it was out of view.

The participant switched to using different strengths and tight-
ness of our braces based on their activities. "If I want to feel it move
(during tasks involving hands), I will switch to a little tighter one.
When I’m sleeping, I usually like a loose one." The participant liked
wearing our brace 1 or 2 during sleep, compared to her static one.
“The other day I decided I’m gonna put the metal one back on and
sleep... when I woke up... my finger felt very stiff. [. . . ] When I sleep
with the other ones from you, I feel better because my finger’s actually
able to bend while I’m sleeping."

9.5 Tendon Injury and PIP Joint Rehabilitation
After the 2-week study, the participant met with her physician,
who confirmed positive progress on her finger healing. “He was
impressed with my improvement & ability to almost make a fist. He
said, continue staying on that path. He suggests that I continue to use
the braces when I’m using my hands. He said it’s my choice to use
them while sleeping, so I’ll probably put them on before bed a few
times a week."

We further followed up with the participant and her physician
about the safety of using the brace. None of them saw any safety
issues. The participant said: "I never felt unsafe using the brace."
On the contrary, the physician said our brace allows the patient
to move more safely because it adds lateral support that would
be missing otherwise. Moreover, they expressed that this brace is

beneficial in that it allows them to prescribe one brace instead of
two (first a static, then a dynamic brace) and that physicians can
advise patients with regular check-ins on how to use it, e.g., first
in static mode, then start using it in dynamic mode depending on
their healing.

While we do not intend to evaluate and generalize any result
about efficacy, but rather comfort in this study, we are pleased to
hear this feedback, encouraging larger and longer-term studies in
the future.

9.6 Learnings and Future Work
While the brace fit overall well and the strength and switching
thresholds seemed appropriate, the tightness of the attachments
can be refined. Overall, the participant liked the flexibility when
wearing our brace but noted that it occasionally slid with her finger.
Other versions of the brace “too tight” around her injured knuckle,
and left indentations after longer use. She guessed the reason was
that her swollen knuckle size changes daily, “I think the accuracy
of fit depends on multiple factors since my hands contract & swell
throughout the day, depending on my activities.”

Therefore, we found a good fit would be loose enough when
putting the brace on and snug once positioned. We plan to research
swelling and leave enough tolerance around the joint, while keep-
ing the attachments tight enough to prevent sliding. Additionally,
we plan to investigate padding structures that can compress to
compensate for swelling.

10 LIMITATIONS
Overall, both the wearability study and the case study results
demonstrate that our novel bistable brace design is promising for
supporting rehabilitation routines involving intermittent immo-
bilization and mobilization. We acknowledge limitations in our
research prototypes, which also suggest interesting directions for
future research and development.

Rigidity. The PCTPE filament used in our prototypes is well-
suited for wearable applications due to its high elongation at break
andmoderate elasticity. However, the brace still exhibits rigid edges,
which may reduce comfort during prolonged wear or under pres-
sure. Future work could explore incorporating hyperelastic struc-
tures or softer padding layers to provide additional damping and
minimize discomfort where the brace contacts the skin.

Fit. Our case study highlighted challenges in achieving a secure
yet comfortable attachment and custom fit, particularly around the
knuckle where swelling and soft tissue deformation are common
and changing during the rehabilitation. To better accommodate
these anatomical variations, we are interested in enhancing the
customization pipeline by incorporating buffer zones or by locally
expanding the finger model geometry (e.g., around the PIP joint)
before subtracting the brace mesh. This could reduce the risk of
pressure points or indentations during extended use.

Form factor. As mentioned by participants in our wearability
study, users have challenges putting the braced finger into a tighter
space, such as smaller scissor handles. To make our device lower
profile, as discussed in our technical evaluation, materials that
are more rigid, such as Polycarbonate (PC) and Nylon (PA), can
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reduce the amount of Δ𝐿 to reach the same switching torque. In
this way, it’s promising to change the device force profiles with
fewer increases in rigid link lengths (𝑎 and 𝑐).

Fabrication. Our current implementation is optimized for FDM
printing with post-processing (e.g., support removal and surface
smoothing). To support broader adoption and a more user-friendly
fabrication process, we are investigating how to tune our design
tool for selective laser sintering (SLS) materials, as SLS printing
offers improved surface finish and precision. Additionally, since
many 3D printing services offer high-quality SLS printing, this can
democratize the process, such that patients can design their brace
using our computational design tool and order their custom brace
directly.

11 CONCLUSION & FUTUREWORK
We presented a novel orthotic device design that facilitates reha-
bilitation and dexterity. To achieve this, we designed a bistable
mechanism with one stiff state, keeping the joint immobilized for
rehabilitation. When users intentionally bend their joints, the brace
switches into its flexible state, allowing users to go about their daily
tasks. This dual-functional device remains unpowered, unactuated,
and simple to use, supporting patients during their rehabilitation
process. Our technical evaluation demonstrates that our design
enables personalization for different users’ finger dimensions and
rehabilitation needs. Our wearability study confirms that our de-
sign effectively supports dexterity through modes. Finally, our case
study provides evidence that our design holds significant promise
for joint rehabilitation applications.

We see this as just the beginning, which opens the door to explor-
ing passive yet multifunctional mechanisms and patient-centered
customization in real-world rehabilitation and healthcare contexts.
In the future, we plan to conduct further studies involving a larger
number of patients to better understand how our brace supports
the full rehabilitation journey. In addition, we are excited to explore
how our bistable design can be applied to other hand-related condi-
tions and rehabilitation scenarios beyond extensor tendon injuries,
such as flexor lag, finger contracture, and conditions affecting the
distal interphalangeal (DIP) joints.

Given its simple design and customizable strength, our device
can be scaled up. We believe that our brace design can be adapted
to other limb joints, such as knee extensor lag, or the wrist (e.g., in
post-operative stabilization or tendon rehabilitation). This shows a
roadmap and potential broader application space of such bistable
braces. This is a broader space with many open research questions
and opportunities.
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